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ABSTRACT  
 
 Barite (BaSO4) which incorporates Sr in its crystal structure (~10,000 ppm Sr; 
Averyt et al., 2003) precipitates at only a few subaerial springs worldwide via either 
microbial processes (e.g., Senko et al., 2004) or abiotic processes (e.g., Bonny and Jones, 
2008b). Significant mass dependent strontium (Sr) isotopic fractionation has been 
identified recently in many types of natural samples with a potential use as a paleo-
environmental proxy related to temperature, presence of microbes, source of Sr and 
secondary mineral precipitation (e.g. Krabbenhöft et al., 2010; Böhm et al., 2012). 
Understanding the controls on variations in stable Sr-isotopes between natural samples 
and within sample types may provide important information on biogeochemical cycling 
and processes involving Sr.  
  Both synthetic and natural barite samples were analyzed using field and 
laboratory techniques. Stable Sr isotopic fractionation was examined in abiotically 
precipitated barite at given conditions (e.g., temperature, saturation index, Sr/Ba ratio in 
solution) in the absence of microbes (Widanagamage et al., 2014). It is suggested that 
saturation index and the temperature of the solution are the two major controls on 
 17 
 
strontium distribution coefficient, Kd(Sr) which indirectly influence stable Sr isotope 
fractionation during barite precipitation. Authigenic barite samples precipitated in 
modern continental settings (warm water springs) were examined to elucidate processes 
controlling mass dependent fractionation of Sr during barite precipitation. Barite 
precipitation mechanisms at these spring sites are biologically mediated. Barite crystal 
morphology changes with rate of diffusion and rate of precipitation. It is suggested that 
sulfate concentration in the solution is more important in barite crystal morphology than 
temperature (Kowacz et al., 2007).  However, my study suggests that temperature 
influences barite crystal morphology more than Ba
2+
/SO4
2-
 ratio in the solution.  None of 
the geochemical or physicochemical parameters show a direct correlation with stable Sr 
isotope fractionation during barite precipitation in continental setting. However, 
microbial processes are identified as an important parameter for stable Sr isotope 
fractionation and the changes in micro environments need to be studied closely to 
understand the factors controlling stable Sr isotope fractionation in continental setting. Sr 
heterogeneity within barite crystal structure is considered a potentially important factor in 
stable Sr isotope fractionation during barite precipitation. Localized co-precipitation of 
multiple mineral phases (e.g., celestine) during barite precipitation has been identified in 
continental barite at synchrotron facilities, which could be important in stable Sr isotope 
fractionation. Precipitated barite from these spring water systems eventually presents in 
tufa deposits.  Tufa samples were collected from each study site. Barite was identified in 
each tufa sample.  The morphology of these barite crystals differs from the morphology 
of natural barite crystals from the sediments in the active spring site and the stream. 
Future study should measure stable Sr isotope ratios in tufa barite to understand the 
 18 
 
potential fractionation during early diagenesis. The information that is synthesized in this 
research on stable Sr-isotope fractionation during barite precipitation (both  natural and 
synthetic) is useful to understand potential relationships and associated kinetic isotope 
effects in bio-geochemical processes. These isotopic signatures could potentially be used 
to explore paleo-environmental conditions in early Earth. 
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CHAPTER 1 
INTRODUCTION 
Research Motivation 
 
The radiogenic strontium (Sr) isotopic system (
87
Sr/
86
Sr) is well established as a 
tool for provenance studies, tracing ground water, studying nutrient sources and cycling, 
forensic science, stratigraphic correlation and dating, and for tracking relevant changes in 
continental and hydrothermal inputs to the oceans through time (e.g., Hess et al., 1986; 
McArthur et al., 2006; Montgomery et al., 2006). For these studies, the stable Sr isotopic 
ratio (
88
Sr/
 86
Sr) is assumed to be constant and used as a normalization ratio to correct for 
instrumental mass fractionation, which by definition erases the signature of natural mass 
dependent Sr isotopic fractionation in the measured samples. However recent work using 
external corrections for the mass fractionation effect have revealed significant mass 
dependent isotopic fractionation of stable Sr isotopes in many types of natural samples 
such as soils, rocks, plants, rivers, seawater, marine carbonates, hydrothermal fluids (e.g., 
Fietzke and Eisenhauer, 2006; Ohno and Hirata, 2007; Halicz et al., 2008; Ruggeberg et 
al., 2008; Krabbenhöft et al., 2009; de Souza et al., 2010; Knudson et al., 2010; 
Krabbenhöft et al., 2010; Pearce et al., 2015).   
Understanding the controls on variations in stable Sr-isotopes between natural 
samples (rocks, soils, stalagmites, bones) and within sample types (rocks, soils, shells, 
bones, plants, sclerosponges, and corals) can provide important information on 
biogeochemical cycling and processes involving Sr. Some of these mass dependent Sr 
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isotope fractionation depend on temperature, source of Sr and secondary mineral 
precipitation (e.g., Fietzke and Eisenhauer, 2006; Ohno and Hirata, 2007; Halicz et al., 
2008; Ruggerberg et al., 2008; de Souza et al., 2010; Knudson et al., 2010;). For various 
natural systems, it is not documented what exactly the controlling factors on stable Sr 
isotopic fractionation.  
 Barite (BaSO4) crystal structure incorporates Sr (~10000 ppm, Sr) (Averyt et al., 
2003). Stable Sr isotope measurements from both synthetic and continental barite that 
formed under different precipitation conditions will be useful to understand how these 
stable Sr isotopes fractionate during barite precipitation compared to the solutions from 
which barite precipitates. Also, there is a possibility of forming some other mineral 
phases (e.g., celestine; SrSO4) in addition to Sr-substituted barite during barite 
precipitation. Strontium heterogeneity in barite could influence the local coordination 
environment of Sr within the crystal. Therefore, Sr- heterogeneity in barite is an 
important factor to consider as a potential control on stable Sr isotope fractionation 
during barite precipitation. In this work, I am trying to investigate what major parameters 
control stable Sr isotope fractionation. Studying stable Sr isotope fractionation during 
barite precipitation at laboratory scale will provide information on what parameters are 
most important in stable Sr isotope fractionation during barite precipitation. 
Understanding the fractionation of Sr isotopes in microbially mediated continental barite 
deposits could be an important avenue to establish biological presence in ancient and/or 
extraterrestrial rocks. One might gain a better understanding of the biogeochemistry of 
early earth by looking at stable Sr isotopes in similar continental barite deposits formed 
billions of years ago and inferring what influenced their isotopic composition. 
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Background  
Barite crystal structure and Sr incorporation 
 
Barium (Ba) is an alkali earth metal, chemically similar to strontium (Sr). It forms 
a divalent cation (Ba
2+
) with an ionic radius of 1.35 Å and 1.21 Å for strontium (Sr
2+
) and 
1.08 Å for calcium (Ca
2+
) in 6-fold coordination (Krauskopf, 1979). Hence, Sr is a trace 
element in common minerals (sulfates, silicates and carbonates) and Ba
2+
 can readily be 
substituted by Sr
2+ 
during barite formation. Ba is preferentially associated with fluids 
from anoxic aquifers that bring it to the Earth‘s surface where Ba can interact with sulfate 
and precipitate barite. Barite can be used easily to study Sr-isotopes because of the high 
concentrations of this trace element (7,000 to 10,000 ppm Sr; Averyt et al., 2003).  
Barite is a mineral composed of barium sulfate. Its crystal structure is 
orthorhombic and based on their similarities in ionic charge/size ratio strontium (Sr) or 
calcium (Ca) can be easily substituted for barium (Ba). Barite is usually colorless or 
milky white, but can be almost any color, depending on the impurities trapped in the 
crystals during their formation and is relatively soft, measuring 3-3.5 on Mohs' scale of 
hardness (Dana, 1997). Barite is chemically inert and insoluble which makes it useful to 
various industry and scientific applications.    
Elemental ratios in barite (marine or continental) could be related to the solution 
from which it precipitated and some other processes (e.g. diatom degradation, intense 
weathering of feldspars and carbonates). Sr/Ba and Ca/Ba ratios in marine barite change 
with depth or pressure during barite precipitation, and are related to seawater changes in 
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Sr and Ca due to weathering of carbonate vs. silicate rocks, hydrothermal activity, and 
sedimentation of carbonates (Averyt and Paytan, 2003). The natural variability of Sr/Ca, 
Sr/Ba, and Ca/Ba in marine barite (10.1%, 15.0%, and 16.3% respectively) reflects 
complex and unspecified processes occurring within pools of particulate organic matter 
that affect local trace metal concentrations (Averyt and Paytan, 2003). In this study, 
elemental Sr/Ba ratios in natural continental barite and experimental barite were 
measured and the control on this elemental ratio was determined. Theses parameters 
could influence stable Sr isotope fractionation during barite precipitation.  
Calcium (Ca) is also incorporated in barite to a lesser degree (400 ppm Ca; Averyt 
and Paytan, 2003). The conditions that influence Ca incorporation into barite have been 
studied (Griffith et al., 2008b) and include precipitation or growth rate, temperature, 
pressure, saturation state, ionic strength, trace element concentration of the solution, and 
competing complexation reactions, including nucleation. These processes might also 
control Sr incorporation into barite and mass dependent Sr-isotopic fractionation (Griffith 
et al., 2008b).  
Presence of barite and mechanisms of formation  
 
Barite is a widely distributed and highly stable mineral in magmatic, 
metamorphic, and sedimentary rocks of all ages, as well as in soils, aerosol dust, and 
extraterrestrial material.  The presence of barite extends from ~3.5 Ga to present (e.g., 
Jewell, 2000).  Barite is a useful tool for paleo-environmental studies since it is resistant 
to diagenetic alteration, whereas carbonates (CaCO3, BaCO3) can be highly altered and 
thus unreliable chemical and isotopic archives (Paytan et al., 1993).  Most of the barite in 
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the Earth‘s crust has formed from mixing of fluids, one rich in barium (weathering of 
silicate minerals) and another rich in sulfate (mostly from seawater). The source of 
barium in the brines is alteration of silicate, carbonate, and sulfate minerals (Hanor, 
2000). Because of the high density of barite (Dana, 1997), it is important economically 
(e.g., powder barite is used in filters, extenders, weighting agents). There are nine barite 
mines in the United States in Nevada, Georgia, Tennessee, and Missouri 
(http://www.mii.org/Minerals/photobarium.html).  
Barite at continental settings 
 
 Barite can form by mixing of fluids rich in Ba
2+ 
and SO4
2-
, by abiotic or biological 
processes (Elshahed et al., 2003; Senko et al., 2004; Widanagamage et al., 2014). Barite 
precipitation at continental setting may be biologically mediated (e.g., Elshahed et al., 
2003; Senko et al., 2004). Sulfate is supplied either from an oxidized solution (like 
meteoric water) or from inorganic or biological oxidation of sulfur in sulfidic solutions. 
Sulfur oxidizing bacteria (purple/green) play a major role in sulfide-rich environments in 
oxidizing sulfide to sulfate, inducing barite precipitation if sufficient Ba is present (Senko 
et al., 2004). Minna et al. (2011) shows that this desmid green algae Closterium 
moniliferum forms barite when it sequesters Ba, Sr, or Ca ions in its terminal vacuoles. 
Celestite and barite precipitation on microbial extracelluar polymeric substances (EPS) in 
different continental environments (with high sulfur content) have also been studied (e.g., 
Sanchez-Moral et al., 2004; Bonny and Jones, 2008; Sanz-Montero et al., 2009). 
Sanchez-Moral et al. (2004) hypothesized that both cyanobacterial and diatom generated 
EPS that can accommodate barite. Dissolved Sr
2+
 and Ba
2+
 ions interact with negatively 
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charged groups in microbial cells and EPS forming microcrystalline barite. EPS appears 
to play a major role in forming different biogenic textures during microcrystalline barite 
precipitation (Bonny and Jones, 2007). Archean barite and Paleozoic barite bearing 
stromatolites provide some evidence for barite precipitation associated with microbial 
activity (Buick et al., 1981). The formation of barite and celestine in Miocene lacustrine 
dolomite microbialites has also been suggested as microbially mediated mineral 
precipitation (Sanz-Montero et al., 2009).     
 
Study Sites 
 
 In this research, three warm-artesian spring sites were studied where barite 
precipitation is occurring from relatively deep-sourced, Ba-rich sulfidic spring waters 
(Zodletone Spring, Oklahoma; Stinking Springs, Utah; Doughty Springs, Colorado). This 
work highlights the importance of sulfur oxidation within the waters as a process 
inducing barite formation. The sampling locations have barium-rich (up to 0.419 mM), 
sulfide-rich (up to 4.28 mM) waters with Sr/Ba ratios in waters ranging from 0.63 
mol/mol (Oklahoma) to 19.29 mol/mol (Colorado). At all three sites barite is 
supersaturated in the waters and significant amounts of barite were extracted from the 
collected sediments. Also, microbial biomass may actively contribute to barite 
precipitation at these three study sites (Bonny and Jones, 2007; Senko et al., 2004; 
Younger, 1986). These processes are linked to abundance of barite in unconsolidated 
sediments. 
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Strontium (Sr) isotopes and mass dependent fractionation  
 
Strontium (Sr) has four naturally occurring isotopes: 
84
Sr, 
86
Sr, 
87
Sr, and 
88
Sr with 
relative abundance of 0.56%, 9.86%, 7.00%, and 82.58% respectively. 
87
Sr is radiogenic 
and forms as the result of radioactive decay of 
87
Rb (e.g. Krabbenhöft et al., 2009). 
Strontium is among the ten most abundant dissolved ions in seawater, and is uniquely 
distributed as a trace element in sedimentary minerals.   
The delta notation (δ) is used to express the 88Sr/86Sr ratio of a sample relative to 
the pure strontium carbonate standard NBS987 (Fietzke and Eisenhauer, 2006) using the 
following equation. 
δ88/86Sr = [(88Sr/86Sr)sample / (
88
Sr/
86
Sr)NBS987 -1] *1000 
Strontium isotopes exhibit a significant mass dependent isotopic fractionation in 
many natural samples. The isotopic fractionation in natural samples may be caused by 
equilibrium and/or kinetic effects (e.g., Fietzke and Eisenhauer, 2006; Schuable and 
Griffith, 2011).  
Measurable equilibrium Sr isotopic fractionation is predicted to occur in barite ~ -
0.5 ‰ at 25˚C according to Density Functional Theory (DFT) modeling (Schauble and 
Griffith, 2011).  Equilibrium stable Sr isotope fractionation in different minerals is 
thought to depend on the coordination number of Sr in the mineral (Schauble and 
Griffith, 2011) and temperature.  Equilibrium Sr isotope fractionation in barite is thought 
to be only slightly sensitive to temperature (<0.0054‰/˚C) (Schauble and Griffith, 2011). 
Barite is found isotopically lighter than other minerals such as strontianite (SrCO3) and 
celestine precipitated from the same solution.  
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Sr stable isotopic fractionation can also be controlled kinetically via unidirectional 
processes (e.g., biologically mediated processes) by temperature, microbial activity, 
solution chemistry, or diagenetic processes (e.g., secondary mineral formation). Fietzke 
and Eisenhauer (2006) found a temperature-dependent Sr isotope fractionation during 
calcium carbonate precipitation. Aragonite samples inorganically precipitated from 
seawater under temperature control between 10-50˚C exhibited a temperature 
dependency of 0.0054‰/˚C for Sr isotopic fractionation whereas natural coral (Pavona) 
samples exhibit 0.033‰/˚C over a smaller range, 23-27˚C (Fietzke and Eisenhauer, 
2006).   
Modern seawater records δ88/86Sr values of ~ 0.38‰ (e.g., Krabbenhöft et al., 
2009) which is slightly higher than that of marine carbonates, 0.22±0.06‰ (Halicz et al., 
2008). However, δ88/86Sr values for carbonates from different settings vary over a larger 
range of 0.15 to 0.43‰ (Halicz et al., 2008). This suggests that fractionation of Sr 
isotopes in carbonates varies with different geochemical conditions in the environment 
(marine, riverine, soils). Halicz et al. (2008) suggested that secondary sedimentary 
processes (diagenesis) like soil pedogenesis induce significant Sr isotope fractionation in 
carbonates. Therefore, δ88/86Sr is a potential tracer to investigate secondary sedimentary 
processes in terrestrial environments.    
Microbially-induced isotopic fractionation in other alkali earth metals 
 
 Only a couple of studies on other alkaline earth metals similar to Sr (Mg and Ca) 
have suggested microbially-induced stable isotope fractionation in mineral precipitates. 
The lightest δ44/40Ca value in a sulfide cave in Italy was recoded in gypsum (CaSO4), 
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which is closely associated with ‗snotties‘, microbial communities dominated by 
Acidithiobacillus sp. (Fantle et al., 2009). Jacobsen et al. (2006) also show results 
suggesting that Mg isotopic fractionation in calcite and dolomite from microbialites in the 
2.5 Ga, Gammohaan formation, South Africa could be useful as biomarkers. No work to 
date has identified microbially induced mass dependent Sr isotopic fractionation. 
Therefore, it is important to establish what controls stable Sr fractionation in barite 
precipitated in the presence of microbes because it will be useful as paleo-environmental 
proxy. Biological processes could trigger uptake of lighter isotopes during barite 
precipitation, which is kinetically controlled. 
 
Research objectives and goals 
 
 The general objective of this work is to evaluate the mass dependent stable Sr 
isotope fractionation during barite precipitation. This includes continental barite 
precipitation and laboratory experiments to precipitate synthetic barite.   
There are four major objectives in this research: 
1) Evaluate the use of stable Sr isotopic measurements of barite precipitates from 
terrestrial environments as a new geochemical proxy to identify microbially 
mediated mineralization for use in earth science applications. 
2)  Evaluate the diversity of barite crystal morphology during precipitation 
3) Understand the potential influence of strontium heterogeneity in barite 
crystals on stable Sr isotope fractionation during barite precipitation.  
4) Characterizing the mineralogical and  morphological changes during barite 
rich tufa formation as a result of diagenesis.  
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Research Hypotheses 
 
H1. Temperature, Sr/Ba ratio, and initial saturation state of the solution influence mass 
dependent stable Sr isotope fractionation during barite precipitation in abiotic conditions.  
Hypotheses 1 was tested and discussed in chapter 2 and 3. Experiments were 
designed and performed at given laboratory conditions to precipitate synthetic barite by 
slowly adding a dilute SO4
2-
solution to a Ba
2+
 (and Sr
2+
) solution, imitating the process of 
sulfur oxidation in the springs inducing barite precipitation excluding the presence of 
microbes. Hypothesis was tested by changing one parameter at a time (temperature, 
initial saturation index of the solution, Sr/Ba ratio in the solution). Barite was precipitated 
at these different conditions and processed to measure stable Sr isotope ratio of the barite 
and the solutions in order to calculate stable Sr isotope fractionation during experimental 
barite. Rate of barite precipitation is influenced by temperature, saturation state, solution 
chemistry of the solution in natural environment (Böhm et al., 2013; Senko et al., 2004). 
These processes could also cause mass dependent stable Sr isotopic fractionation in 
barite, which is discussed in chapter 2 and chapter 3.   
H2. Barite precipitation in warm water springs at continental settings exhibit biologically 
mediated mass dependent stable Sr isotopic fractionation. 
Hypotheses 2 was tested and addressed in chapter 3 where authigenic barite 
samples from warm water springs in continental setting were investigated. The influence 
of microbes, temperature, and saturation state of barite on mass dependent Sr stable 
isotope fractionation is discussed. Water, soil and biological samples were collected from 
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these warm spring sites and analyses were performed in the field as well as laboratory. At 
the site in Oklahoma, sulfur metabolizing microbes are present and appear to control the 
precipitation of barite (Senko et al., 2004; Elshahed et al, 2003). The roles of microbial 
activity at the other sites are less clear. Diatom associated diagenetic barites have been 
observed in Stinking Spring, Utah (Bonny and Jones, 2007). Little work on 
biogeochemical processes has been done at Doughty Springs, Colorado (Younger, 1986). 
Influence of microbial biomass on distribution coefficient of strontium and stable Sr 
isotope fractionation are discussed in chapter 3. The empirical fractionation factors are 
compared between and within field sites and to abiotic synthetic precipitates (chapter 2 
and chapter 3).   
H3.  Solution chemistry dictates barite morphology. 
 More texturally complex barite precipitates are observed in continental settings 
compared to barite precipitated in marine or hydrothermal settings. Uniform crystal 
morphologies (ellipsoidal, rosettes barite crystals) are formed in marine and hydrothermal 
environments (e.g., Fu et al., 1994; Paytan et al., 2002), as solution chemistry is not 
thought to be changing largely. In contrast, barite crystals from continental setting are 
morphologically diverse. This could be due to the variations in solution chemistry 
(saturation index, Sr/Ba ratio in solution), rate of crystal growth, rate of ion diffusion in 
the solution (chapters 2 and 3). The large variations in processes in the continental setting 
such as biological interactions, evaporation, diagenesis, dissolution and re-precipitation 
can change saturation state.  These changes in saturation conditions are thought to 
influence barite crystal size and morphology (Fu et al., 1994; Shikazono, 1994). For 
example, large euhedral (>15 µm) barite crystals were found to form at low degrees of 
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supersaturation whereas small distorted (5-15 µm) barite crystals formed at higher 
degrees of supersaturation (Fu et al., 1994). Kowacz et al. (2007) explains different 
morphologies at different barium to sulfate ratios in the solution. Ba/SO4 ratio >1 (barium 
excess); rapid nucleation rate will show dendritic barite crystals where solutions with 
Ba/SO4<1 shows euhedral barite crystals (Kowacz et al., 2007). The influence of 
temperature towards crystal morphology has not been considered in Kowacz et al. (2007). 
However, the temperature is more important for diverse morphology than Ba/SO4 ratio in 
solution. Morphological changes during barite precipitation at continental setting and 
laboratory setting are discussed in detail in chapters 2, 3 and 4.  
H4. Heterogeneous distribution of strontium in barite could influence stable Sr isotope 
fractionation during barite precipitation. 
 Sulfate solution was slowly added to barium and strontium containing solution. 
Sr-substituted barite and celestine are the potential mineral phases in these experiments. 
At equilibrium conditions, stable Sr isotope fractionation changes with the changes in 
local coordination environment (Density Functional Theory modeling; Schauble and 
Griffith, 2011). Micron scale analyses on theses samples at Argonne National Laboratory 
show heterogeneous Sr distribution in barite crystals. Different Sr mineral phases are 
present in these Sr hotspots which need to be confirmed with micro XRD analyses. The 
presence of these different phases could affect local Sr coordination environment with in 
barite crystal. The changes in Sr local coordination environment could influence stable Sr 
isotope fractionation during barite precipitation (chapter 3).   
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Dissertation Outline 
 
Chapter 2 describes stable strontium isotope fractionation during synthetic barite 
precipitation and the potential factors influencing stable Sr isotope fractionation during 
barite precipitation. Experiments were performed to test the effect of changing 1) 
temperature, 2) saturation chemistry, and 3) elemental ratio of Sr/Ba in solution on the 
isotopic fractionation of stable Sr in abiotic barite. During each experiment only the 
targeted parameter (e.g., temperature or saturation state or Sr/Ba) was changed at each set 
of experiments. Previous results from work measuring stable Ca isotopes incorporated in 
barite illustrated the importance of holding saturation state, temperature, and/or elemental 
ratios constant when testing each, as each parameter could influence isotopic 
fractionation during precipitation (Griffith et al., 2008b). For instance, saturation state 
varies as a function of temperature while all other factors are held constant. Therefore, 
the concentrations of Ba
2+
, Sr
2+
, and SO4
2-
 in precipitating solutions at different 
temperatures was adjusted in order to maintain a constant initial saturation state and 
Sr/Ba ratio for experiments designed to test temperature changes only.   
  In total, fifteen experiments were performed (including duplicate experiments). 
The stable Sr isotopic composition and elemental ratio of Sr/Ba in the precipitated solids 
as well as the precipitation solutions (before and after the experiments) were measured. 
Morphology of barite at each saturation condition was imaged and identified. Mainly the 
potential factors on stable Sr isotope fractionation during barite precipitation were tested 
in this study. Chapter 2 is published in Geochimica Cosmochimica Acta.    
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The controls on stable Sr isotope fractionation during microbially mediated barite 
precipitation are discussed in Chapter 3. Microbially mediated barite precipitation has 
been identified at continental setting. Biological processes may change solution 
chemistry and saturation conditions which could influence on stable Sr isotope 
fractionation during barite precipitation. Also nucleation rate, diffusion rate, growth rate 
during barite formation may be influenced by the presence of biomass. Heterogeneous Sr 
distribution in barite crystals is seen during barite precipitation at continental setting. This 
may result the presence of different mineral phases other than barite. Sr bearing barite 
and celestine are the two potential mineral phases which could cause changes in stable 
strontium isotope fractionation during barite precipitation. Thin section of rock sample 
from Zodletone Spring wall was examined at Argonne National Laboratory (ANL), 
Chicago Illinois. Micron scale techniques were used to understand strontium 
heterogeneity within barite crystals. One natural sample and two synthetic samples were 
examined and the data from natural sample is discussed in chapter 3. This work is 
published in Chemical Geology (Widanagamage et al., 2015).  
Chapter 4 explains the characterization of mineralogy and textural changes in tufa 
samples collected from each study site. Precipitated barite at continental setting 
eventually presents in the tufa deposits via diagenesis. Precipitated barite from solution 
and other minerals will eventually present in tufa. Tufa samples were seen nearby areas 
in all three study locations.   
These chapters are written as self-contained manuscripts two of which are 
published (Chapters 2 and 3) and one near completion for submission (Chapter 4). As 
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such, some written material is repeated in several chapters. Chapter 5 includes major 
conclusions and future directions of the research. 
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CHAPTER 2 
STABLE STRONTIUM ISOTOPE FRACTIONATION IN SYNTHETIC BARITE 
Widanagamage I.H., Schauble E.A., Scher, H.D. and Griffith E.M. (2014)  
Geochimica Cosmochimica Acta, v. 147 p. 58-75 
 
 
Abstract 
 
The mineral barite (BaSO4) accommodates strontium (Sr) in its crystal structure, 
providing an archive of Sr-isotopes (
87
Sr/
86Sr and δ88/86 Sr) in the highly stable sulfate 
mineral. We investigated mass dependent stable Sr-isotope fractionation (∆88/86Sr = 
δ88/86Srsolid - δ
88/86
Srsolution) during inorganic precipitation of barite from a barium-rich 
solution by addition of sulfate under controlled conditions and compared this to 
equilibrium isotopic fractionation calculated using Density Functional Theory modeling. 
Sr-substituted barite is predicted to have lower 
88
Sr/
86
Sr than any other studied species, 
and at 25ºC will be about 0.6-0.7‰ lower than the two modeled Sr(H2O)8
2+
-bearing salts 
that could approximate aqueous Sr
2+
. This agrees in direction and order of magnitude 
with experimental results that estimate equilibrium Sr-isotope fractionation in barite to be 
0.3‰ lower than aqueous Sr2+ at ~20˚C. The high ionic strength of some of the 
precipitating solutions (up to 1M) and potential differences in the average coordination 
number of aqueous Sr
2+
 add to uncertainty in a direct comparison of the calculated 
equilibrium isotopic fractionation values with the experimental results.  
Stable Sr-isotope fractionation varied along with the distribution coefficient of Sr 
[Kd(Sr) = [Sr/Ba]barite / [Sr/Ba]solution], which is a function of both temperature and barite 
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saturation state. However the relationship between mass dependent isotopic fractionation 
and Kd(Sr) is different for conditions of changing temperature versus barite saturation 
state. With increasing temperature (from 5 to 40°C), the barite phase became isotopically 
lighter (∆88/86Sr = -0.29 to -0.41‰). Conversely, with increasing saturation state 
(saturation index of barite = 3.0 to 4.3) the barite phase became isotopically heavier 
(∆88/86Sr = -0.25 to -0.10‰). These observations suggest chemical kinetic effects control 
isotopic fractionation rather than equilibrium temperature effects. The relationship with 
saturation state indicates the potential presence of a diffusive boundary layer. Barite 
crystal morphology appears to be affected by the diffusion rate of solute (sulfate) to the 
growing crystal surface relative to the overall growth rate of barite crystals during 
precipitation.  
Introduction 
 
The controls on mass dependent stable strontium (Sr) isotopic fractionation during 
barite (BaSO4) precipitation were investigated to highlight potential isotopic and 
elemental fractionation mechanisms during trace element incorporation. This was done 
by precipitating barite in the laboratory from solution under various conditions (solution 
Sr/Ba, temperature, and saturation state) that may influence equilibrium and/or kinetic 
mass dependent stable Sr-isotope fractionation. Results from the experiments are 
compared with theoretical estimates of equilibrium mass dependent stable Sr-isotope 
fractionation from Density Functional Theory (DFT) and their dependence on 
temperature and mineralogy including Sr coordination this study being the first 
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comprehensive theoretical study of Sr-isotopes relevant to natural aqueous species and 
precipitates.  
Strontium has four naturally occurring stable isotopes: 
84
Sr, 
86
Sr, 
87
Sr, and 
88
Sr 
with relative abundances of 0.56%, 9.86%, 7.00%, and 82.58% respectively. 
87
Sr forms 
as the result of radioactive decay of rubidium-87 (
87
Rb). Strontium is distributed as a 
trace element in sedimentary minerals (e.g., sulfates, silicates and carbonates). In 
radiogenic Sr-isotope studies, the isotopic ratio of stable 
88
Sr/
86
Sr is assumed to be 
constant and is used to correct for instrument and laboratory induced mass dependent 
fractionation during the measurement of 
87
Sr/
86
Sr. However, recent work using external 
corrections for the mass fractionation effect during measurement has revealed significant 
mass dependent isotopic fractionation of stable Sr-isotopes. Variations are seen in many 
types of natural samples such as marine carbonates, soils, rocks, plants, hydrothermal 
fluids, and river waters (Fietzke and Eisenhauer, 2006; Ohno and Hirata, 2007; Halicz et 
al., 2008; Rüggeberg et al., 2008; Krabbenhöft et al., 2009; de Souza et al., 2010; 
Knudson et al., 2010; Krabbenhöft et al., 2010; Böhm et al., 2012; Raddatz et al., 2013; 
Stevenson et al., 2014; Vollstaedt et al., 2014).   
Stable Sr-isotope fractionation mechanisms during aragonite and calcite 
precipitation have been investigated in the most detail to date (e.g., Fietzke and 
Eisenhauer, 2006; Böhm et al., 2012). Fietzke and Eisenhauer (2006) found two different 
temperature dependent Sr-isotope fractionation trends during the precipitation of biogenic 
and inorganic aragonite, which they suggested to be kinetic isotopic fractionation 
dependent on the relative mass differences between 
88
Sr and 
86
Sr and the presence or 
absence of Sr
2+
-aquocomplexes. Natural coral samples (Pavona calvus) exhibited a 
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strong temperature dependence of 0.033‰/˚C between 23 and 27˚C while the 
temperature dependent isotopic fractionation of experimentally precipitated inorganic 
aragonite was only 0.0054‰/˚C between 10 and 50˚C. Since kinetic isotopic 
fractionation is inversely correlated with mass, the stronger temperature dependence of 
the modern coral samples was interpreted as kinetic isotopic fractionation of pure Sr
2+
 
ions (lower mass) whereas the inorganic aragonite had less significant temperature-
dependent kinetic isotopic fractionation due to the influence of heavier Sr
2+ 
-
aquocomplexes (Fietzke and Eisenhauer, 2006).  
Böhm et al. (2012) found that Sr-isotope fractionation in inorganic calcite during 
their precipitation experiments was predominantly controlled by precipitation rate. Larger 
mass dependent stable isotopic fractionation occurred at higher precipitation rates and no 
significant fractionation was seen at very low rates. This kinetic fractionation behavior 
probably involves chemical kinetic fractionation of hydrated Sr
2+
 ions, i.e., preferential 
desolvation of isotopically light Sr
2+
 (Böhm et al., 2012). Furthermore, using their calcite 
precipitation experiments at constant temperature and initial (Sr/Ca)aq they estimated that 
equilibrium Sr-isotope fractionation between inorganic calcite and aqueous Sr
2+
 is very 
close to zero, similar to the equilibrium Ca isotopic fractionation between inorganic 
calcite and aqueous Ca
2+
 proposed by Fantle and DePaolo (2007). Two samples of 
inorganic calcite precipitated in veins during low temperature alteration of ocean crust 
basalt at very low precipitation rates confirmed this observation (Böhm et al., 2012). 
Therefore, it appears that measurable mass dependent Sr-isotope fractionation during 
carbonate crystal formation in most natural environments is likely a process occurring at 
the surface of the crystal under non-equilibrium conditions. Stevenson et al. (2014) found 
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a similar trend in cultured coccolithophores of increasing discrimination against the 
heavier Sr-isotopes with increasing growth rate, which is controlled by temperature. 
Earlier work by Ohno and Hirata (2007) suggested that the magnitude of Sr-
isotope fractionation between carbonates and aqueous Sr
2+
 (0.1‰/amu) could be 
explained by isotopic fractionation under equilibrium conditions because it is 4-times 
smaller than that seen for Ca (DePaolo, 2004). Alternatively this could be explained by 
similar kinetic mechanisms affecting both Ca and Sr-isotope fractionation in carbonates 
as Böhm et al. (2012) suggested.  
Barium is an alkaline earth metal, which is chemically similar to strontium. 
Barium forms a divalent cation (Ba
2+
) with an ionic radius of 1.35 Å in 6-fold 
coordination, slightly larger than 1.21 Å for strontium (Sr
2+
) (Krauskopf, 1979). Barite 
can be used to study Sr-isotope systematics because Sr
2+ 
can readily substitute for Ba
2+
 in 
barite and the resulting high affinity of Sr in barite (~10,000 ppm Sr; Averyt et al., 2003). 
Studying mass dependent isotopic fractionation of Sr in barite could also be a useful tool 
to predict what stable isotope fractionation mechanisms are important in controlling 
similar isotopic systems such as calcium and magnesium.  
 We present results of stable Sr-isotope fractionation of laboratory precipitated 
barite and theoretical estimates of equilibrium Sr-isotope fractionation to elucidate the 
mechanisms that control isotopic fractionation under conditions similar to those in 
modern continental settings where barite precipitates from Ba-rich fluids (e.g., Younger, 
1986; Senko et al., 2004; Bonny and Jones, 2007). This knowledge will inform and 
constrain future work on stable Sr-isotope fractionation in natural biologically-influenced 
barite precipitation. 
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Notations and Methods 
Notation 
The Sr-isotope composition of a sample is expressed as the deviation from a 
standard value, using δ-notation in permil (‰):  
δ88/86Sr = [(88Sr/86Srsample – 
88
Sr/
86
Srstandard) / 
88
Sr/
86
Srstandard] x 1000 (Eq. 1) 
where 
88
Sr/
86
Srsample refers to the 
88
Sr/
86
Sr isotopic ratio of the sample and 
88
Sr/
86
Srstandard 
refers to the 
88
Sr/
86
Sr isotopic ratio of SRM 987 (Fietzke and Eisenhauer, 2006).  
In order to compare isotopic fractionation between a precipitated barite 
(δ88/86Srsolid) and its original parent solution (δ
88/86
Srsolution), the following representation is 
used in per mil (‰): 
Δ88/86Sr = δ88/86Srsolid – δ
88/86
Srsolution  (Eq. 2) 
Modeling methods  
 
 Equilibrium Sr-isotope fractionations involving sulfate crystals and solution are 
estimated by first-principles lattice dynamics calculations, following a similar procedure 
to Griffith et al. (2008). Models of barite, celestine (SrSO4), strontianite (SrCO3), strontia 
(SrO), strontiofluorite (SrF2) and several crystalline hydrates (SrCl2.6H2O, SrBr2.6H2O, 
SrKAsO4.8H2O, Sr[OH]2.8H2O, and SrNa[PO4].9H2O) were constructed using the plane-
wave density functional theory package Quantum Espresso (Giannozzi et al., 2009; 
http://www.quantum-espresso.org). For some structures, fractionation factors were 
calculated following the procedure of Schauble et al. (2006), in which phonon 
frequencies of 
86
Sr- and 
88
Sr-substituted crystals are calculated at non-zero phonon wave 
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vectors, which are then used to estimate reduced partition function ratios (Urey, 1947). 
For more complex crystal structures (including Sr-substituted barites) reduced partition 
function ratios are determined directly from force constants, calculated by numerical 
differentiation of the energies of structures in which a strontium atom is slightly 
displaced from its equilibrium position in three orthogonal directions (Bigeleisen and 
Mayer, 1947; Moynier et al., 2011; Schauble, 2011). In this study numerical 
differentiation was based on the energies of structures with strontium atom displacements 
of ±0.01 and ±0.02 bohr radii (±0.53 and ±1.06 pm), making a five-point quadratic fit 
possible in each Cartesian direction. For every fit the Pearson R
2
 was > 0.9999 indicating 
negligible numerical uncertainty in the estimated force constants. Cross-check 
calculations, using both methods, on strontianite, celestine, SrBr2.6H2O, and 
(Sr0.125Ba0.875)SO4-barite structures indicate agreement within 0.05‰ (25ºC), so long as 
the displaced strontium atom is ≥ 6 Å distant from its periodic images. In the case of 
strontianite, celestine, SrCl2.6H2O, SrBr2.6H2O, and 25%-substituted barite this means 
that supercells with a doubling of the shortest lattice dimension are used. The mismatch 
between the two methods is likely smaller than other sources of uncertainty, and 
numerical differentiation requires considerably less computational effort than full phonon 
calculations for crystal structures with more than about 20 atoms. 
 As in our previous work on Ca-substituted barite (Griffith et al., 2008), Sr-
substituted barite was modeled starting with a pure barite structure, then swapping one 
strontium atom into a unit cell or supercell. One strontium atom per unit cell is equivalent 
to an ordered 25% solid solution [i.e., (Sr0.25Ba0.75)SO4]. The initial guess for the 
configuration of each substituted structure was based on modeling with empirical 
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potentials (Wahid et al., 2002) using the GULP software package (Gale and Rohl, 2003), 
followed by relaxation using density functional theory. More dilute solid solutions were 
modeled using single Sr-atom substitutions into supercells of the barite structure, up to a 
2x1x2 unit cell doubled along both of its shortest lattice directions (in the Pbnm space 
group setting this means doubling the a and c lattice vectors, in the Pnma setting this 
means doubling of b and c). This quadrupled cell corresponds to a 6.25% solid solution, 
(Sr0.0625Ba0.9375)SO4, with each substituted atom residing nearly 9 Å from its nearest 
neighbor Sr atoms. Strontium substitution removes most symmetry from the barite 
structure (as found previously for Ca:BaSO4; Griffith et al., 2008), however a mirror 
plane parallel to the ab plane of the original Pbnm space group was preserved. This 
symmetry was removed before ab initio relaxation by imposing a small random 
displacement to each atom in the structure. Based on the empirical potential relaxations, 
the mean Sr-O distance to the 10 oxygen atoms nearest the substituted strontium in 25%, 
12.5% and 6.25% substituted barite structures are almost identical (2.836, 2.832 and 
2.833Å, respectively); average distances to the 8 and 12 nearest neighbors are likewise 
within 0.02Å for all three solid solutions, and within 0.005Å at 12.5% and 6.25%. This 
uniformity of local coordination structure suggests that the Sr-isotope fractionation will 
not be sensitive to Sr-concentration at cation concentrations of ~25% or less. 
 Strontia (SrO), strontiofluorite (SrF2) and several crystalline strontium hydrate 
structures (SrCl2.6H2O, SrBr2.6H2O, SrKAsO4.8H2O, Sr[OH]2.8H2O, and 
SrNa[PO4].9H2O) were modeled to roughly estimate the fractionation between 
substituted barite and Sr
2+
 in aqueous solution. Strontia and strontiofluorite have well-
studied phonon (vibrational) spectra (Elcombe, 1972; Rieder et al., 1975), and thus serve 
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to constrain systematic scaling of model phonon frequencies, enabling correction of the 
hydrate and barite models. 
88
Sr/
86
Sr fractionations in SrO and SrF2 can also be calculated 
using well-calibrated empirical force field models, providing an important check on 
model accuracies. 
 The crystalline hydrates SrKAsO4.8H2O and Sr(OH)2.8H2O contain Sr
2+
 
coordinated to 8 water molecules, forming an [Sr(H2O)8]
2+
 complex ion (Mathew, 1998; 
Ricci et al., 2005). Other ions and molecules (Na
+
, K
+
, OH
–
, AsO4
3–
) are not directly 
coordinated to strontium. Likewise, SrNaPO4.9H2O, SrCl2.6H2O and SrBr2.6H2O contain 
[Sr(H2O)9]
2+
 structural units, with partial sharing of water molecules by Sr
2+
 ions in the 
halide hexahydrates (Takagi et al., 1982; Agron and Busing, 1986; Abrahams and 
Vordemvenne, 1995). Thus it is expected that these hydrates will serve as reasonable 
analogues for solvated Sr
2+
 in 8-fold or 9-fold coordination with water. Extended X-ray 
Absorption Fine Structure (EXAFS) and molecular dynamics studies have generally 
argued for predominantly 8-fold coordination of Sr
2+
 in water at ambient surface 
temperatures and [Cl
–] ≈ 0.2 - 3.2 mol/l, with the coordination number gradually 
decreasing to ~7 at 100-200ºC and partial displacement of water molecules by anions at 
high ionic strength (e.g., Seward et al., 1999), though both higher and lower coordination 
numbers ranging from ~7-10 have been proposed at ambient, dilute conditions (e.g., 
Hofer et al., 2006). No crystal structures containing seven-coordinate solvated strontium 
could be found in the crystallography literature, so a fictive Sr(H2O)7
2+
-containing salt is 
constructed by substituting strontium into the calcium site of CaNH4PO4.7H2O (Takagi et 
al., 1984) and allowing the structure to relax to accommodate the larger Sr
2+
 ion. 
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 All calculations reported here use a gradient-corrected density functional (PBE; 
Perdew et al., 1996), which has been used with good success in numerous studies of 
isotope fractionation (e.g., Schauble et al., 2006; Méheut et al., 2007; Griffith et al., 
2008). Publicly available pseudopotentials are used, including norm-conserving strontium 
and barium pseudopotentials created by the Rappe group 
(http://www.sas.upenn.edu/rappegroup/research/pseudo-potential-gga.html, version 1), 
slightly modified to reduce the minimum energy cutoff to 40 Rydberg (544 eV). In order 
to achieve better accuracy, the strontium pseudopotential includes 4s and 4p electrons in 
valence (i.e., a reference configuration of [Ar+3d
10
]4s
2
4p
6
4d
0
5s
0
) and the barium 
pseudopotential includes 5s and 5p electrons in valence ([Kr+4d
10
]5s
2
5p
6
5d
0
6s
0
). 
Ultrasoft-type  (Vanderbilt, 1990) pseudopotentials from the Quantum Espresso library 
are used for most other elements, including hydrogen, carbon, oxygen, fluorine, sodium, 
phosphorus, sulfur, chlorine, arsenic and bromine  (H.pbe-rrkjus.UPF, C.pbe-rrkjus.UPF, 
O.pbe-rrkjus.UPF, F.pbe-n-van.UPF, P.pbe-van_ak.UPF, S.pbe-van_ak.UPF, Cl.pbe-n-
van.UPF, As.pbe-n-van.UPF, Br.pbe-van_mit.UPF). A projector-augmented wave 
parameter set from the AtomPAW library is used to model potassium 
(http://users.wfu.edu/natalie/papers/pwpaw/periodictable/atoms/K/index.html).  In 
order to test the sensitivity of model predictions to the choice of pseudopotentials we 
performed comparison tests switching out the Sr-pseudopotential for a different, ultrasoft 
pseudopotential (Sr.pbe-nsp-van.UPF from the Quantum Espresso Library) for the same 
crystals, and by substituting pseudopotentials from version 1.01 of the GBRV 
pseudopotential library (Garrity et al., 2014; http://www.physics.rutgers.edu/gbrv/) for all 
elements in a subset of the crystals studied. Finally, as a rough test of the influence of the 
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density functional on calculated fractionation factors, some crystals were modeled with a 
Local Density Approximation (LDA) functional, and/or the PBEsol (Perdew et al., 2008) 
functional. LDA functionals are thought to be less accurate than PBE, particularly for 
materials with hydrogen bonding (such as hydrates, e.g., Ireta et al., 2004), but also tend 
to yield phonon frequency scale factors close to unity (e.g., He et al., 2014). The PBEsol 
functional is a revision to PBE, performing somewhat more poorly in calculating 
thermodynamic energies but typically yielding more accurate lattice constants for 
crystalline solids (Perdew et al., 2008). Additional details about the construction and 
testing of the models can be found in Supplemental Information. 
 A previous experimental and theoretical study of Sr-isotope fractionation between 
Sr
2+
aq and crystalline strontium peroxide (SrO2) suggested the possibility of  ~0.2‰ 
Mass-Independent Fractionation (MIF) signatures in 
87
Sr/
86
Sr, relative to 
88
Sr/
86
Sr and/or 
84
Sr/
86
Sr, tentatively attributed to a nuclear field shift effect (Fujii et al., 2008). This 
magnitude of MIF signature on 
88
Sr/
87
Sr fractionation implies a much larger, ~0.4‰ 
88
Sr/
86
Sr nuclear-volume fractionation, because the nuclear charge radii of 
87
Sr and 
88
Sr 
are nearly identical (e.g., Angeli, 2004; Fricke and Heilig, 2004). In the same way, for 
example, a MIF process that fractionates 
18
O/
16
O and 
17
O/
16O equally (by, say 1‰) will 
yield an apparent Δ17O that is half as large (0.5‰).  In order to constrain the potential 
magnitude of MIF effects we constructed relativistic coupled-cluster electronic structure 
models of Sr
0
, Sr
2+
 and SrO in the vapor phase, following the procedure of Schauble 
(2013) and using triple-zeta quality basis sets (Dyall, 2009; Dunning, 1989). The results 
indicate that the most extreme chemically plausible variation in orbital structure (Sr
0
, 
[Kr]5s
2
 vs. Sr
2+
, [Kr]5s
0) will generate ~0.015‰ fractionation of 88Sr/86Sr and 87Sr/86Sr at 
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25ºC. SrO-vapor and Sr
2+
-vapor, both Sr(II) species that are perhaps more suitable 
analogues to the species studied in the present study and in Fujii et al. (2008), are 
predicted to show only 0.002‰ nuclear volume fractionation relative to each other 
(Δ87/86Sr ≈ 0.001‰). Detectable equilibrium MIF effects are therefore not expected for 
88
Sr/
86
Sr at the present level of analytical precision. 
Analytical methods 
 
Laboratory precipitation experiments  
Experiments were designed to understand the potential influence of changing 
temperature, initial saturation state, and solution chemistry (aSr
2+
/aBa
2+
) on stable Sr-
isotope fractionation in barite.  All experiments were performed with Ba
2+
 in excess with 
respect to SO4
2-
 because this is most similar to natural conditions in the modern 
continental setting (e.g., Younger, 1986; Senko et al., 2004).  However, the maximum 
calculated solution ‗saturation index‘ or S.I. defined as the difference between log of the 
ion activity product (IAP) and the solubility product (Ksp) or log(IAP) - log(Ksp), for 
barite in the experiments (S.I. = 3.0 to 4.3) was much higher than that found in natural 
spring waters (S.I. = 0.7 to 1.2; Senko et al., 2004; Bonny and Jones, 2007). The higher 
saturation state was found necessary to precipitate significant amounts of barite for 
isotopic and elemental analysis. In our experiments, barite did not precipitate below the 
saturation index of 2.9. The ratio of the activity of Sr
2+
 and activity of Ba
2+
 (aSr
2+
/aBa
2+
) 
in the initial solution for all experiments ranges from 0.5 to 17.2 mM covering the range 
of values seen in modern continental settings where barite precipitates (e.g., Younger, 
1986; Senko et al., 2004; Bonny and Jones, 2007). Temperature for lab experiments 
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ranged from 5˚C to 40˚C (Table 2.3), which also covers the range of temperatures for 
natural modern barite precipitation in the continental setting.   
Potassium bisulfate (KHSO4, Fisher Chemical Crystalline/Certified P193) was 
dissolved in ultra-pure Milli-Q water (18.2 MΩ·cm) to prepare the sulfate solution (107 
mM; pH ~2). Barium chloride dihydrate (BaCl2.2H2O, Mallinckrodt 3756) and strontium 
nitrate anhydrous (SrNO3, Fisher Chemical Crystalline/Certified ACS S549) solids were 
dissolved separately in ultra-pure Milli-Q water to produce stock solutions (pH ~5.6). Sr 
and Ba stock solutions were mixed with Milli-Q to yield desired Sr/Ba ratios (Table 2.3) 
and transferred to acid-cleaned beakers where barite precipitation occurred. Two 
milliliters of sulfate solution totaling 0.214 mmol of sulfate was added to the Sr-Ba 
precipitation solution in each experiment at a dosing rate of 1mL/min using a TitroLine 
7000 titrator to precipitate approximately 50 mg of barite. Experimental solution volumes 
ranged from 250 to 3 L, resulting in <1% volume change after addition of the sulfate 
solution. All solutions were stirred continuously during experiments with a magnetic 
stirring rod. Experiments were conducted in acid-cleaned (10% HNO3) glass or Teflon 
beakers. Barite was collected after precipitation by vacuum filtration and air-dried. Dried 
barite was weighed to estimate the amount precipitated. 
Because we are ultimately interested in determining the effect of various 
parameters on mass dependent Sr-isotope fractionation during incorporation into barite, it 
is important that the concentration and isotopic composition of Sr in the experimental 
solutions did not change during barite precipitation. To verify a constant solution Sr 
concentration, the amount of Sr removed from the solution was calculated and compared 
to the initial amount of Sr in each experiment. The Sr content of the precipitated barite 
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was measured using an inductively coupled plasma optical-emission spectrometer (ICP-
OES) following the method outlined in Section 2.3.4 and multiplied by the amount of 
barite precipitated to calculate the amount of Sr removed. The amount of Sr removed was 
divided by the initial amount of Sr added to the experimental solution to get the percent 
of Sr removed. Less than 1% of Sr was removed from the Sr-Ba solution during barite 
precipitation in each experiment except 2A and 1E where 1.8 and 1.0% was removed 
respectively. 
 The small change in solution Sr concentration ensures that the isotopic 
composition of the parent solution from which barite precipitates maintains a nearly 
constant isotopic signature throughout the experiments. The δ88/86Sr of solutions taken 
after barite precipitation in Experiments 1A, 1E, 2A, and 3A were measured and no 
significant isotopic changes were detected compared to the isotopic composition of the 
original Sr feed solution (Table 2.4). Since Experiment 2A and 1E represent the most Sr-
depletion of any experimental solution, and no change in the δ88/86Sr of the solution was 
detected (within analytical uncertainty, <0.03‰ different from solution δ88/86Sr prior to 
precipitation), we assume that the isotopic composition of Sr in all other experimental 
solutions was likewise unaffected by barite precipitation.   
The percent Ba removed during barite precipitation was calculated from the 
amount of barite precipitated divided by the initial Ba added. Less than 10% of Ba in 
solution was used to precipitate barite in all of the experiments except 1B, 1E, 2A, and 
2B, which removed 21%, 80%, 81%, and 15% respectively. A high Ba loss during 
precipitation in our experiments will cause a change in Sr/Ba ratios in the solution and 
could affect the incorporation of Sr into barite during our experiments. However, there is 
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no significant relationship between Ba loss and Kd(Sr) for samples with Ba loss >10%, 
nor for experiments with Ba loss <10%. Likewise, there is no significant relationship 
between Ba loss and Sr-isotope fractionation. Nonetheless, results from experiments with 
~80% loss are not included in the following results (1E and 2A). The effect of Ba loss 
(>10%) on trends of subsets of experimental data is considered in detail in the following 
sections.  
Changing experimental solution Sr/Ba. In experiment 1A, sulfate was added to a mixture 
of aBa
2+
 = 4.5 mM and aSr
2+
 = 2.3 mM (aSr
2+
/aBa
2+
 ~ 0.5) at 20˚C to precipitate ~50 mg 
of barite with a maximum calculated barite S.I. = 3.55.  The experiment was repeated at 
four additional aSr
2+
/aBa
2+
 ratios (1.0, 2.0, 5.1, and 17.2; 1E, 3Cb, 1B, and 1C 
respectively) and duplicated at Sr/Ba=0.5 while keeping the barite S.I. = 3.53 ± 0.04 
(2SD) and temperature ~20˚C.   
Changing temperature. In experiment 2A, sulfate was added to a mixture of aBa
2+
 = 0.5 
mM and aSr
2+
 = 2.3 mM (aSr
2+
/aBa
2+
 ~ 5) at 5˚C to precipitate ~50 mg of barite with a 
maximum calculated barite S.I. = 3.56. The experiment was repeated at two other 
temperatures (20 and 40˚C) and duplicated at 5 and 40˚C to test the influence of 
temperature on Sr-isotope fractionation during barite precipitation. The initial 
aSr
2+
/aBa
2+ 
ratio was kept at 5.0 ± 0.2 (2SD) and a maximum calculated barite S.I. = 3.56 
± 0.01 (2SD). Solutions for experiment 2A and 2E (5˚C) were refrigerated prior to use 
and solutions for higher temperature experiments were heated prior to performing the 
experiments to ensure minimal temperature change during the experiments. Experiments 
at 5 and 40˚C were performed in a Fisher Scientific Isotemp refrigerated/heated bath 
circulator (R28).  
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Changing saturation state. In experiment 3C, sulfate was added to a mixture of 9.3 mM 
aBa
2+ 
and 19.1 mM aSr
2+
 (aSr
2+
/aBa
2+ ~ 2) at 20˚C with a maximum calculated barite S.I. 
= 4.30 to precipitate ~50 mg of barite. The experiment was repeated changing the 
maximum calculated barite S.I. to 3.01 (3Ca) and 3.52 (3Cb) while keeping aSr
2+
/aBa
2+
 
= 2.01 ±0.02 (2SD) and temperature ~20˚C to test the influence of barite saturation index 
on Sr-isotope fractionation during barite precipitation. Experiment 3C was done in 
duplicate (3D). 
 In all experiments, barite precipitation occurred very quickly during the addition 
of a sulfate solution to the Sr-Ba mixture.  Therefore precipitation rate was not measured.  
 
Saturation calculations 
 
 Saturation index (S.I.) and ion activities were calculated for each experimental 
solution (Table 1) by the computer program Visual MINTEQ 3.0 (Gustafasson, 2007) 
using the solution chemistry after addition of the entire feed solution, i.e. at maximum 
calculated barite saturation conditions. Errors propagated by calculating the solution 
chemistry using this method are assumed to be identical for all experiments and should 
not significantly alter trends identified in the data. Desaturation of the solutions occurred 
over the time scale of the experiments (approximately 10 minutes) resulting from the 
precipitation of barite.   
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Barite crystal morphology 
 
 Barite was imaged using an environmental scanning electron microscope (ESEM) 
Quanta 200 (FEI Corporation) with an energy dispersive system (EDS) at the University 
of Akron. Energy dispersive analysis x-ray (EDAX) was used to separate the 
characteristic x-rays of different elements into the energy spectrum to confirm the 
presence of barite and estimate qualitatively the relative elemental compositions in 
mineral grains. Back-scattered electron (BSE) images also facilitated discrimination 
between barite and any other minerals or potential contaminants. For ESEM analysis, a 
tiny amount (<< 1mg) of the sample was spread over a carbon-tab on an ESEM stub 
using Milli-Q water. Imaging and EDAX analysis was performed in low vacuum mode 
(0.6 Torr) with an acceleration voltage of 30 kV, spot size 4 - 4.5 nm, and working 
distance typically 10 mm.   
 
Bulk elemental concentrations  
 
 Barite samples (~3 mg) were dissolved in a 7 mL mixture of 10 mM 
ethylenediaminetetraacetic acid (EDTA) solution adjusted to pH >13 using potassium 
hydroxide (~4.14 g KOH in 2 L of 10 mM EDTA) following Averyt et al. (2003). 
Samples were shaken uniformly at a slow speed with an orbital shaker during dissolution 
for 4-5 days. The samples were analyzed using an ICP-OES Perkin Elmer 3300DV with 
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cross flow nebulizer and Scott-type spray chamber in the Hydrogeochemistry Lab at Kent 
State University immediately after dissolution. The detection wavelengths used for Sr and 
Ba were 460.7 nm and 233.5 nm respectively. Radio-frequency (RF) power was 1300 
watts; auxiliary gas flow rate = 0.5 L/min; nebulizer flow rate = 1.1 L/min; peristaltic 
pump flow rate and sample flow rate = 1.5 mL/min; plasma argon flow rate = 15 L/min.  
 All glassware was acid-cleaned with 10% (by volume) HNO3 prior to use. The 
EDTA-KOH solution was used to prepare standards, blank and dilutions when applicable 
and was run through the instrument during warm up for 30 minutes prior to the analytical 
run to stabilize the plasma. A bulk, mixed standard solution was prepared with certified 
standard solutions for Sr and Ba (5 ppm Sr and 300 ppm Ba) and diluted to create 
calibration standards. Based on replicate analyses (n = 3) of the 0.1 ppm Sr and 20 ppm 
Ba standard during the analytical run, the external precision for Sr and Ba were 1.94% 
(RSD) and 1.98% (RSD) respectively and reproducible within 4% for Sr/Ba.   
In order to determine the distribution coefficient of Sr in barite [Kd(Sr) = 
[Sr/Ba]barite / [Sr/Ba]solution], the Sr/Ba ratio of the solution was calculated assuming all the 
Sr(NO3)2 and BaCl2 added to the precipitating solution dissolved yielding an initial Sr/Ba 
(mol/mol) ratio in the experimental solution. The Sr/Ba ratio of the barite was measured 
as described above.  
Sample preparation for isotopic analysis 
 
 Barite samples were dissolved by chelation using cation exchange resin (MCI 
Gel, CK08P) following a method outlined in Griffith et al. (2008) modified from Paytan 
et al. (1993).  MCI gel was cleaned prior to use with multiple rinses of 6 M Fisher 
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Chemical Optima HCl and ultra-pure Milli-Q water until the pH of water was ~5.6. Five 
mg of barite was added to acid-cleaned Teflon beakers with 1 mL of cation resin and 
filled with Milli-Q water. The samples were heated in an oven at 90˚C for up to 10 days 
to dissolve sample. The water solution (anion fraction) was decanted daily and new Milli-
Q water was added. Cations were extracted from the resin into an acidic solution, using 
two separate rinses of 2 mL of ~6 M Fisher Chemical Optima HCl (50% by volume) to 
ensure that all cations were released.   
The dissolution procedure was modified to test what (if any) influence the amount 
of barite dissolved and/or duration of dissolution had on stable Sr-isotope measurements 
using a large sample of natural barite. One milligram of sample was dissolved 5 days (A); 
20 mg of sample was dissolved 1 day (B); 10 mg of sample was dissolved 5 days (C); and 
20 mg of sample was dissolved 5 days (D). All samples were compared to the ‗standard‘ 
method outlined above (Table 2.1). These dissolution experiments confirm that barite 
amount (from 1 to 20 mg) or duration of barite dissolution (from 1 to 10 days) does not 
influence the measured δ88/86Sr, i.e. Sr does not fractionate during barite dissolution via 
chelation with cation exchange resin.    
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Table 2. 1 Comparison of various dissolution methods to confirm barite amount or 
duration of barite dissolution does not influence the measured Sr isotopic composition, 
i.e. Sr does not fractionate during barite dissolution via chelation with cation exchange 
resin.  
Experiment sample amount 
(mg) 
Duration 
(Days) 
δ88/86Sr 
Permil 
2SD 
permil 
n 
A 1 5 0.11 0.04 4 
B 20 1 0.11 0.09 5 
C 10 5 0.10 0.05 5 
D 20 5 0.09 0.04 4 
standard 5 10 0.12 0.05 3 
Strontium was isolated from other cations in the sample matrix (e.g., cation 
fraction of barite or experimental solution) using extraction chromatography with Sr Spec 
resin (50-100 µm mesh, Eichrom Industries LLC, Darien, IL, U.S.A.) following Scher et 
al. (2014) at the University of South Carolina (USC). Resin was cleaned several times 
with 0.005 M HNO3 before being settled through 0.005 M HNO3 into pre-cleaned 
columns (125 μl). Resin was first washed with 0.005 M HNO3 followed by 
reconditioning with 8 M HNO3. Dissolved barite samples were heated to evaporation and 
re-dissolved in 1 mL of 8 M HNO3 and loaded directly onto the resin bed. Ba and other 
matrix cations are washed from the column using 2 mL of 8 M HNO3. Sr is collected in 
600 μl of 0.005 M HNO3 in a pre-cleaned autosampler vial. Column yields were close to 
100% excluding mass dependent fractionation could take place during extraction 
chromatography.  
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To minimize contribution of Sr blank from resin, relatively large quantities of Sr 
were processed by extraction chromatography (~500 ng Sr). Signal/blank ratio was 
further optimized by using ultrapure-deionized water and distilled acids for extraction 
chromatography. Total procedural blanks determined on the barite separation and Sr-spec 
column procedure were checked on the MC-ICPMS, being less than 150 pg (or less than 
1mV of mass 86) and <0.1% of the processed barite samples, so that no correction for a 
blank is necessary in this study.  
Our data agrees with Scher et al. (2014) that at Ba concentrations < 5ppm in the 
eluted Sr sample solutions, the accuracy and precision of the measured stable 
88
Sr/
86
Sr 
ratios are not adversely affected (Table 2.4). There was no significant correlation with Ba 
content in the eluted Sr sample solutions analyzed on the MC-ICPMS and the measured 
δ88/86Sr (R2 = 0.022). However, 87Sr/86Sr measurement is clearly affected by Ba 
concentration > 1ppm (Table 2.4) shifting to higher values than expected as previously 
reported in Scher et al. (2014). 
 
Isotopic analysis  
 
Strontium isotope analyses were carried out on a Neptune Plus Multicollector-
Inductively Coupled Plasma Mass Spectrometer (MC-ICPMS) in the Center for 
Elemental Mass Spectrometry (CEMS) at the University of South Carolina. The 
operating conditions (i.e., torch position, gas flow rates, electrostatic lens settings) were 
adjusted to optimize the signal intensity on mass 86. The introduction system was 
comprised of a cyclonic Scott-type glass spray chamber, a 100 μl/min PFA nebulizer, and 
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nickel sample and skimmer (H) cones. Instrument details and operating parameters are 
summarized in the Supplemental Information. Masses 82, 83, 84, 85, 86, 87, 88, 90, and 
91 were collected by static multi-collection. This collector array allows for correction of 
isobaric interferences of krypton (Kr) on masses 84 and 86, and for rubidium (Rb) on 
mass 87. Kr originates from the plasma as an impurity in the argon gas supply and 
elevated Rb levels can result from sub-optimal Sr extraction chromatography. Samples 
were run with intensities of ~2V on mass 86. Isobaric interferences from Kr and Rb were 
low enough to be negligible. Measured intensities on masses 82 and 83 were <0.0005V 
and <0.0005V on mass 85. Both standards and samples solutions analyzed had 
concentrations of 200 ppb Sr consuming a total of 80 ng of Sr per analysis. 
Mass discrimination of the 
88
Sr/
86
Sr ratio was externally corrected using an 
exponential law assuming that 
91
Zr/
90
Zr = 0.2181 and was further constrained by sample-
standard bracketing with SRM987 (Kramchaninov et al., 2012; Scher et al., 2014). The 
87
Sr/
86
Sr ratio was corrected using an exponential law assuming that 
88
Sr/
86
Sr = 0.1194. 
Accuracy and precision of the Sr-isotope analyses were monitored throughout the 
analytical sessions by replicate analysis of an aliquot of seawater from the deep Atlantic 
(Bermuda Atlantic Time-Series [BATS], 2000 m) collected as part of the GEOTRACES 
Intercalibration project (van de Flierdt et al., 2012).  
The mean and standard deviation of the isotope ratios were calculated from one 
block consisting of 100 measurements of 4 s integrations. Prior to each analysis blanks 
were measured using the acid that was used to dilute the samples and blank corrections 
were applied to the raw intensities. Blank corrections were negligible, amounting to 
<0.01% for masses 86, 87, 88, 90, and 91. The NBS987 Sr-isotope standard was run 
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every fifth sample and the average value for the analytical session was used to normalize 
the measured 
87
Sr/
86
Sr ratios to NBS987 = 0.710248 (McArthur, 1994). The resulting 
SRM987 normalized 
87
Sr/
86Sr and δ88/86Sr values for the seawater sample run as a 
consistency standard during each analytical session were 0.710173 ± 0.000018 (2SD, 
n=50) and 0.38‰ ± 0.06 (2SD, n=46) respectively, which are equivalent to published Sr-
isotope data for seawater (McArthur, 1994; Krabbenhöft et al., 2009).   
 
 
Results 
Theoretical equilibrium fractionation factors  
 
Model structures and vibrational (phonon) frequencies 
 
 Model crystal structures of anhydrous species closely match measured structures, 
slightly overestimating unit cell lengths by ~1% size and volumes by ~2-5%. In the case 
of Sr-substituted barite, the calculated trends in unit cell dimensions and volume relative 
to strontium concentration are very similar to previous theoretical and experimental 
studies (Becker et al., 2000; Wahid et al., 2002), including a quadratic dependence of the 
shortest unit cell dimension (c in the Pbnm setting) on Sr content (Becker et al., 2000). 
Atomic coordinates within anhydrous crystals are also in excellent agreement with 
measured structures, typically within ~0.003 in fractional units (the mean absolute 
deviation is 0.001 for all atomic positions not fixed by symmetry). For hydrates, model 
unit cell sizes are also typically slightly larger than measurements indicate, except for 
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Sr(OH)2.8H2O, in which the unit cell volume is ~0.4% smaller than experiment (Ricci et 
al., 2005). However, disagreements in atomic positions are larger than in anhydrous 
phases, up to ~0.03 fractional units (0.14Å) for the halogen atoms in SrCl2.6H2O and 
SrBr2.6H2O, and up to 0.1 fractional units (1.1Å) for one of the phosphate oxygens in 
SrNaPO4.9H2O. The mean absolute deviation in the fractional atomic positions for 
hydrates is 0.01. A more detailed comparison between model and measured crystal 
structures is available in the Supplemental Information (Appendix 2.1). A similar 
dichotomy between models of hydrous and anhydrous species was noted in previous 
work on Mg-isotope fractionation and 
13
C-
18
O clumping (Schauble et al., 2006; Schauble, 
2011), and tentatively attributed to a combination of factors including less-precisely 
measured crystal structures, difficulty in locating hydrogen and other low atomic number 
atoms by x-ray diffraction (though neutron diffraction is expected to perform better), 
thermal- and quantum-mechanical dispersion and disorder (particularly affecting water 
molecules and hydrogen-bonding structural elements) in weakly-bound crystals, and 
imperfect reproduction of weak hydrogen-bonding interactions by the gradient-corrected 
PBE density functional. The same effects appear likely to be important in the present 
suite of crystal structures. 
 Calculated vibrational frequencies are compared with measurements in Figure 
2.1. As expected, model frequencies determined using the PBE functional slightly 
underestimate measured frequencies. For strontia and strontiofluorite, which have the 
best-studied vibrational spectra (Elcombe, 1972; Rieder et al., 1975), the best-fit scale 
factor to correct this underestimation is 1.060 ± 0.008 (±1 s.e.), and we have corrected 
calculated frequencies for all modeled species using this factor. The ~1% uncertainty in 
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the frequency scale factor corresponds roughly to ±0.01 to 0.02‰ errors in calculated 
88
Sr/
86
Sr reduced partition function ratios at 25ºC. To the extent that the scale factor is 
systematic across model structures, its effect on estimated fractionation factors between 
modeled crystals will be even smaller. Because the force-constant method is used to 
determine isotope fractionation factors for some crystals, the frequency scale factor is 
applied as a multiplicative correction to "raw" reduced partition function ratios calculated 
using unscaled frequencies:  
 10
3
ln(β88/86)scaled = s
2
10
3
ln(β88/86)raw   (Eq. 3) 
where β88/86 is the reduced partition function ratio for 88Sr/86Sr exchange and s is the best-
fit frequency scale factor. Méheut et al. (2009) and others have shown that this treatment 
is accurate so long as the dimensionless quantity hν/kBT is of order unity or smaller (h is 
Planck's constant, ν is a vibrational frequency, kB is Boltzmann's constant and T is 
absolute temperature) -- a good assumption for the present study because Sr-isotope 
sensitive modes in the crystals studied here are generally less than ~500cm
–1
 (hν/kBT < 
2.6). The Méheut exponent (equation B1 in Méheut et al., 2009) for a 500 cm
–1
 mode at 
25ºC is 1.84, and for lower frequencies the exponent rapidly approaches 2. This indicates 
that simple squaring of the scale factor will induce an error of less than 0.02‰ at 25ºC 
for a typical 10
3
ln(β88/86) of 1.5‰ (i.e., [1.062 – 1.061.84] x 1.5‰ ≈ 0.016‰). 
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Figure 2. 1 Comparison of model and measured phonon frequencies for Sr
2+
-bearing 
crystals. A. All correlated modes, with a 1:1 line also shown (dotted). B. Modes with 
measured frequencies below 500 cm
–1
. Data from strontia and strontiofluorite are 
indicated with open circles. Data from all other species are indicated with crosses. The 
1:1 line (dotted) is shown for comparison with the proportional best fit line through data 
for strontia and strontiofluorite (solid). Measured frequencies are mainly from Raman and 
neutron-scattering studies, including Rieder et al. (1975) for strontia, Elcombe (1972) for 
strontiofluorite, Dawson et al. (1977) for celestine and barite, Martens et al. (2004) and 
Lin and Liu (1997) and for strontianite, and Adams and Trumble (1974) for SrCl2.6H2O 
and SrBr2.6H2O. 
 
 
Estimated equilibrium 
88
Sr/
86
Sr fractionation factors 
 
 Model reduced partition function ratios for 
88
Sr/
86
Sr exchange are shown in Table 
2.2 in logarithmic form (10
3
lnβ88/86), relative to the reciprocal of the square of the 
absolute temperature: 
 10
3
lnβ88/86 = A/T2   (Eq. 4) 
where A is a fitted constant and T is absolute temperature. Reduced partition function 
ratios calculated using the force-constant method are proportional to T
–2
 by construction, 
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whereas the phonon-based estimates are slightly nonlinear on this scale (Bigeleisen and 
Mayer, 1947). However, even with this slight nonlinearity, when the proportionality 
constant A is fit at high temperatures, where proportionality to T
–2
 is very close, the line 
reproduces calculated reduced partition function ratios within 0.05‰ at temperatures 
down to 273 K (0ºC).  
 Equilibrium fractionations between phases can be calculated from these ratios 
using the relation: 
 10
3
ln(αX-Y) = 10
3
lnβ88/86[X] – 103lnβ88/86[Y] ≈ Δ88/86SrX-Y  (Eq. 5) 
where αX-y is the fractionation factor between phase X and phase Y, β
88/86
[A] and 
β88/86[Y] are the respective reduced partition function ratios, and Δ88/86SrX-Y is the 
difference (in ‰) between the δ88/86Sr of substance X and Y at equilibrium. 
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Table 2. 2 Theoretical 
88
Sr/
86
Sr reduced partition function ratios, strontium coordination 
numbers, and mean nearest-neighbor bond distance. The number of neighbors included in 
each average distance is indicated in parentheses. 
  A = 103T2lnβ88/86 103lnβ88/86 
at 298.15 
K 
Sr
2+
 
coordination 
number 
Mean 
model Sr
2+
-
O, -F 
distance 
(Å) 
Anhydrous crystals     
Strontia – SrO 1.47 x 105 1.66 6 2.600 (6) 
Strontiofluorite - SrF2 1.49 x 10
5 1.68 8 2.541 (8) 
Strontianite - SrCO3 1.24 x 10
5 1.40 9 2.713 (9) 
Celestine - SrSO4 8.53 x 10
4 0.96 ~10 2.721 (8), 
2.756 (9), 
2.785(10), 
2.834 (11) 
25% substituted barite - SrBa3(SO4)3 6.44 x 10
4 0.73 ~9-10 2.767 (8), 
2.789 (9), 
2.834(10), 
2.877(11) 
12.5% substituted barite - SrBa7(SO4)8 6.57 x 10
4 0.74 ~10 2.761 (8), 
2.799 (9), 
2.830(10), 
2.892 (11) 
6.25% substituted barite - 
SrBa15(SO4)16 
6.99 x 10
4 0.79 ~10 2.752 (8), 
2.794 (9), 
2.828 (10), 
2.891 (11) 
     
Crystalline hydrates     
SrNH4PO4.7H2O* 1.59 x 10
5 1.78 7* 2.576 (7) 
SrKAsO4.8H2O 1.29 x 10
5 1.45 8 2.657 (8) 
Sr(OH)2.8H2O 1.21 x 10
5 1.36 8 2.669 (8) 
SrCl2.6H2O 1.31 x 10
5 1.48 9 2.703 (9) 
SrBr2.6H2O 1.28 x 10
5 1.44 9 2.707 (9) 
SrNa(PO4).9H2O 1.23 x 10
5 1.39 9 2.695 (9) 
* Hypothetical structure, based on calcium analogue.    
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Figure 2. 2 Ab initio model equilibrium isotope fractionations for studied species, relative 
to [Sr(H2O)8]
2+
aq , as represented by the mean (dotted line) of Sr(OH)2.8H2O and 
SrKAsO4.8H2O.  
 
 
Strontium-substituted barite is predicted to have lower 
88
Sr/
86
Sr than any other 
studied species, and will be about 0.6-0.7‰ lower than the two Sr(H2O)8
2+
-bearing salts 
at 25ºC (Figure 2.2). 25%, 12.5%, and 6.25%-substituted barite are very similar, within 
0.06‰ of each other. Celestine is also expected to be isotopically light, with 88Sr/86Sr 
about 0.4‰ lower than the Sr(H2O)8
2+
-average, whereas strontianite is within 0.05‰ of 
both Sr(H2O)8
2+
-bearing crystals. Strontia and strontiofluorite will have higher 
88
Sr/
86
Sr. 
Notably, the hypothetical Sr(H2O)7
2+
-bearing salt SrNH4PO4.7H2O is predicted to have 
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the highest 
88
Sr/
86Sr among studied species, ~0.3‰ higher than the Sr(H2O)8
2+
-average at  
25ºC, whereas the 9-coordinated hydrates SrCl2.6H2O, SrBr2.6H2O, and SrNa(PO4).9H2O 
are not distinguishable from the Sr(H2O)8
2+
-bearing species. 
 Accuracy of theoretical estimates 
 
 Estimated fractionation factors are quite small (< 1‰), so it is important to try to 
quantify potential errors that could confound the predictions. Uncertainties associated 
with the choices of particular values for parameters in the first principles models, 
including basis set size, electronic and phonon wave vector sampling, the choice phonon 
scale factor, and the assumption that reduced partition function ratios are proportional to 
T
–2
, each appear to be of order 0.01-0.05‰ at 25ºC, and these sources of error are likely 
to be more or less independent. Assuming the various errors sources are independent, this 
suggests an intrinsic uncertainty of roughly 0.10‰ in the modeling procedure. Additional 
tests using alternate density functionals, pseudopotentials, and empirical force field 
models, described in detail in Supplemental Information, are consistent with this level of 
uncertainty. 
 The greatest potential source of error in the theoretical calculations is likely the 
simplified treatment of the bonding environments for strontium in barite and aqueous 
solution. As pointed out for similarly constructed models of Ca-isotope fractionation in 
barite (Griffith et al., 2008) it is not known whether the optimized Sr-substituted barite 
structures represent true global energy minima, rather than meta-stable structures. 
However, the similarity of barites with different extents of substitution is suggestive that 
the results are not highly sensitive to structural details. Although the assignment of 
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coordination numbers to strontium in the PBE model structures is somewhat ambiguous, 
the 9 shortest Sr-O bond distances are within 0.01Å of each other in 25%, 12.5% and 
6.25% Sr-substituted models, and these models are within 0.015Å of each other for the 
shortest 8, 10 and 11 bond distances as well.   
 In this study we assume that the Sr(H2O)8
2+ 
solvation complex has the same 
fractionation properties in both salts and free in the liquid phase. This assumption is 
consistent with previous studies of magnesium and calcium-isotope fractionation (Rustad 
et al., 2010; Schauble, 2010, 2011; Li et al., 2011; Colla et al., 2013), which suggest that 
hydrate crystals are reasonable, if imperfect analogues for aqueous solutions. Li et al. 
(2011) found a ~0.6‰ fractionation of 26Mg/24Mg between aqueous magnesium and 
epsomite, with both contain the Mg(H2O)6
2+
 species, and Colla et al. (2013) found ~0.3‰ 
fractionation of 
44
Ca/
40
Ca between CaNH4PO4.7H2O and solution (both containing the 
Ca[H2O]7
2+
 species). Based on these results with lighter alkaline-earth elements, the 
simple scaling relationship lnβ  (m* – m)/(m*m), where m is the mass of a light isotope 
and m* is the mass of a heavy isotope, crudely suggests a potential 
88
Sr/
86
Sr fractionation 
of ~0.03-0.05‰ between hydrates and analogous species in solution.  However, the 
measured Mg- and Ca-isotope fractionations involve concentrated solutions, so it is 
possible that some of the hydrate-solution fractionation partly reflects the presence of 
multiple species in the aqueous solutions. The lack of a resolvable predicted isotopic 
fractionation between Sr(H2O)8
2+
- and Sr(H2O)9
2+
-bearing crystals suggests that 
uncertainties in the coordination of Sr
2+
 in aqueous solution may not be critical for 
understanding mineral-solution fractionation, so long as the coordination number is high.  
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 Although tentative because it is based on a single model of a fictive crystal 
structure, the large predicted fractionation between Sr(H2O)7
2+
-bearing SrNH4PO4.7H2O 
and hydrates with higher coordination numbers is consistent with previous work on Mg- 
and Ca-isotope fractionation (e.g., Schauble, 2010, 2011; Colla et al., 2013) which shows 
a marked trend of decreasing affinity for heavy isotopes as coordination numbers increase 
from 4 to 6, and then to 7 and 8. This also indicates that equilibrium barite-water 
88
Sr/
86
Sr 
fractionation could reach 1‰ or more if the average coordination number of aqueous Sr2+ 
is significantly less than 8, as might occur in solutions with high ionic strength. 
Fractionations at hydrothermal temperatures may also be somewhat larger than would be 
predicted using Sr(H2O)8
2+
-bearing crystals as analogues for solution. 
Synthetic barite 
 Crystal morphology  
 
Under the experimental conditions, barite precipitated as microcrystals with sizes 
ranging from 0.5 to 10 μm. Crystals are subhedral to euhedral with various shapes such 
as ellipse, aster, and pseudocubes (Figure 2.3). The results suggest that all three 
controlled parameters, i.e., temperature, saturation state of barite, and (Sr/Ba)aq in 
solution, influence barite crystal morphology. Barite crystals appear to increase in size 
when Sr/Ba in the experimental solution increases above 2 mol/mol all else held constant 
(Figure 2.3a-c). At 40˚C (2C/2D) with solution Sr/Ba = 5 and barite S.I. = 3.5 (A1), the 
barite crystals were more euhedral and larger (~5-10 μm) than at the lower temperatures 
tested with the same solution Sr/Ba and barite S.I. (Figure 2.3d-f). Crystal size also 
appears to vary with the saturation condition (Figure 2.3g-i).  
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Figure 2. 3 Backscatter electron images from ESEM of laboratory precipitated barite 
crystals: (a-c) with increasing initial Sr/Ba ratio in experimental solutions from left to 
right with constant temperature of 20 ˚C and maximum calculated barite saturation index 
= 3.5, (a) rounded and subhedral crystals of 1-2 µm maximum dimension, Exp. 1A, Sr/Ba 
= 0.5, (b) aster and dendritic crystals, Exp. 1B, Sr/Ba = 5.0, (c) rounded aster crystals of 
1-5 µm, Exp. 1C, Sr/Ba = 15.0; (d-f) at various temperatures (T) increasing from left to 
right with constant temperature of 20 ˚C and maximum calculated barite saturation index 
= 3.5, (d) Exp. 2E, T = 5˚C, (e) Exp. 2B, T = 20˚C, and (f) Exp. 2D, T = 40˚C; (g-i) with 
increasing maximum calculated barite saturation index (S.I.) from left to right, (a) Exp. 
3Ca, S.I. = 3.0, (b) Exp. 3Cb, S.I. = 3.5, and (c) Exp. 3C, S.I. = 4.3. Temperature was 
constant at 20˚C and solution aSr2+/aBa2+ = 2.05 ±0.08 (2SD) for (g-i). Scale bars are 10 
µm (a-f) and 5 µm (g-i). 
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Sr/Ba ratio in barite 
 
 The precipitated crystals show characteristic Ba and S peaks for barite in the 
EDAX spectrum (Appendix 2.2). Barite crystals from 1C, 2C, 2D, and 3C experiments 
show identifiable Sr peaks in their spectrums while most barite from the other 
experiments did not. In 3C with barite S.I. of 4.30 larger barite crystals (~5µm) show 
large Sr peaks relative to the Ba peaks whereas smaller barite crystals (~0.2-1 µm) show 
smaller Sr peaks in EDAX spectrum (Appendix 2.1) suggesting some spatial 
heterogeneity of Sr in the precipitated crystals within this experiment.  
Sr/Ba ratio in barite increases with solution Sr/Ba [(Sr/Ba)aq] in the first set of 
experiments (1A, 1B, 1C, 1D, and 3Cb) when temperature (20˚C) and maximum 
calculated barite S.I. (3.5) were held constant (Table  2.3 ). The Sr/Ba ratio in barite 
increases from 27 mmol/mol to 662 mmol/mol in experiments 1A and 1C with Sr/Ba 
ratios in the precipitating solutions of 0.5 to 15 mol/mol, the lowest and highest 
experimental solution Sr/Ba ratios tested in this study. However, Sr/Ba in barite was 
highest in the 2C experiment at 40˚C (842 mmol/mol) with a solution Sr/Ba ratio of only 
2 mol/mol suggesting temperature also influences incorporation of Sr in barite.  
None of the experiments discussed in detail above (1A, 1C, 2C) show Ba loss 
>10%. However, experiment 1B in this first set of experiments had Ba loss of 22% and 
could have a higher measured barite Sr/Ba due to the loss of Ba during the experiment 
contributing to some scatter in the relationship between Sr/Ba in barite and that in the 
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experimental solution (Table 2.3). We therefore do not include these results (1B) in the 
presentation of the data for the first set of experiments.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. 4 (a) Strontium distribution coefficient [Kd(Sr)] vs. temperature in degrees 
Celsius. Maximum calculated barite saturation index was held constant at 3.5 and 
solution Sr/Ba ratio was 5 mol/mol. Experiments 1B, 2E, 2B, 2C, and 2D are plotted. (b) 
Kd(Sr) vs. initial barite saturation index. Temperature was held constant at 20˚C and 
solution aSr
2+
/aBa
2+
 = 2.05 ±0.08. Experiments 3Ca, 3Cb, 3C, and 3D are plotted. Errors 
on Kd(Sr) are considered to be less than the size of the symbols based on repeated 
measurements on the ICP-OES. Gray dashed lines define the 95% confidence interval on 
the linear regression. Asterisks indicate which experiments had Ba loss >10%. 
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Table 2. 3 Summary of precipitation experiments conducted in laboratory. 
   Initial solution chemistry          
Sample T  aSr aBa aSO4 Sr/Ba aSr/aBa S.I. Sr/Ba 
   C mM mM mM mol/mol   baritea mmol/mol 
         
1A 20 2.27 4.55 0.07 0.5 0.5 3.53 27 
1D 20 2.27 4.55 0.07 0.5 0.5 3.53 16 
1B 20 7.65 1.51 0.21 5.0 5.1 3.55 349 
 1C 20 91.26 5.29 0.05 15.0 17.2 3.50 662 
1E 20 0.65 0.66 0.52 1.0 1.0 3.57 36 
2A 5 2.44 0.49 0.41 5.0 5.0 3.56 329 
2E 5 7.65 1.51 0.10 5.0 5.1 3.55 85 
2B 20 58.20 11.15 0.21 5.0 5.2 3.55 234 
2C 40 10.21 1.97 0.05 5.0 5.2 3.56 842 
2D 40 10.21 1.97 0.05 5.0 5.2 3.56 641 
3A 20 0.96 1.93 0.03 0.5 0.5 3.00 17 
3Ca 20 7.88 3.89 0.02 2.0 2.0 3.01 53 
3Cb 20 4.47 2.23 0.13 2.0 2.0 3.52 55 
3C 20 19.14 9.30 0.15 2.0 2.1 4.30 279 
3D 20 19.00 9.00 0.15 2.0 2.1 4.30 164 
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Table 2. 4 Strontium isotope measurements for synthetic barite samples. 
Sample d88/86Sr  
‰ solution 
post 
precipitation
: 
n
b 
2SD 
‰ 
87Sr/86Sr 2SD 
*10-5 
Eluted 
solution Ba 
(ppm) 
d88/86S
r 
nb 2SD 
‰ 
D88/86Sr 
‰ 
+/- 
‰c 
 
87Sr/86Sr 2SD 
*10-5 
Solution 
Ba (ppm) 
1A               
1D       -0.29 2 0.08 -0.38 0.11 0.707517 18 0.1 
1B 0.07 4 0.04 0.707498 25 0.1 -0.26 4 0.06 -0.35 0.09 0.707536 15 1.3 
1C       -0.19 5 0.10 -0.28 0.12 0.707517 17 0.7 
1E 0.08 4 0.04 0.707514 8 0.5 0.12 3 0.03 0.03 0.08 0.707523 12 0.5 
2A 0.11 3 0.03 0.707504 9 0.0 -0.33 3 0.04 -0.42 0.08 0.707531 28 1.3 
2E       -0.21 4 0.03 -0.30 0.08 0.707587 10 4.5 
2B       -0.25 5 0.09 -0.34 0.11 0.707536 14 1.8 
2C       -0.31 4 0.11 -0.40 0.13 0.707520 17 0.6 
2D       -0.33 4 0.05 -0.42 0.09 0.707513 18 0.6 
3A 0.09 4 0.07 0.707516 12 0.8 0.09 3 0.00 0.00 0.07 0.707523 14 0.9 
3Ca       -0.14 3 0.03 -0.23 0.08 0.707515 13 0.6 
3Cb       -0.25 3 0.05 -0.34 0.09 0.707514 18 0.4 
3C       -0.03 4 0.04 -0.12 0.08 0.707582 13 4.4 
3D       -0.12 4 0.06 -0.21 0.09 0.707549 15 2.2 
avg. 
post-
precipita
tion: 
0.09  0.03 0.707508 16          
solution 
pre-
precipita
tion 
(SrNO3): 
0.09 6 0.07 0.707508 15 0.0       average 
precipitat
ed barite: 
0.7075
32 
0.000048   
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At similar maximum calculated barite S.I. and (Sr/Ba)aq (experiments 1B, 2B, 2C 
and 2D, 2E), Kd(Sr) increased significantly with temperature (R
2
 = 0.914; p > 0.05; Fig. 
4a). At 40˚C Kd(Sr) is 0.150 (average of experiments 2C and 2D, ±0.056 2SD); whereas 
at 5˚C Kd(Sr) is only 0.017. It should be noted that in Figure 2.4a, experiments 2B and 
1B have Ba loss >10% (see methods). However, there is no significant relationship 
between Ba loss during precipitation and Kd(Sr) for this set of experiments (R
2
 = 0.383) 
indicating that temperature is the dominant control on Kd(Sr) and not Ba loss.  
  The Sr distribution coefficient also changes with maximum calculated saturation 
state of barite in experiments with similar temperature (20˚C) and solution (Sr/Ba)aq = 2 
mol/mol. Saturation index of barite ranged from 3.01 to 4.30 while Kd(Sr) in barite 
varied between 0.027 to 0.140 with the highest values occurring at the highest saturation 
state (Figure 2.4 b). Altogether this suggests Sr/Ba in barite, i.e., the partitioning of Sr in 
barite, is influenced by the Sr/Ba ratio in the experimental solution, temperature during 
precipitation and maximum calculated saturation state of barite. 
Sr-isotope fractionation 
 
Strontium incorporated in barite during precipitation from solution is always 
isotopically lighter than the solution from which it precipitates (Table 2.4). The 
experimental solutions used commercial SrNO3 with an average δ
88/86Sr value of 0.09‰ 
(n = 6, 2SD = 0.07‰, Table 2.3). The average of the errors on all the measured δ88/86Sr 
values, reported as twice the standard deviation of the analytical runs on the MC-ICPMS, 
is identical to that reported for seawater analyzed over the course of the study, i.e. 0.06‰. 
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Barite samples and solutions (pre- and post-precipitation) had identical average 
87
Sr/
86
Sr 
values (within 1SD of the average values) as shown in Table 2.4. 
In the first set of experiments, calculated aSr
2+
/aBa
2+
 ratio changes from 0.5 to 
17.2 in solution at the beginning of the experiments (holding temperature and maximum 
calculated barite saturation state constant, Table 2.3). The Kd(Sr) for these experiments is 
0.039 ±0.024 (average ±2SD) calculated using equation 3 for each experiment (1A, 1C, 
1D, and 3Cb) or 0.024 ±0.001 (slope ± s.e.) from the slope of a linear regression of 
Sr/Babarite vs. Sr/Basolution. The average isotopic fractionation for these experiments with 
data (1C, 1D, and 3Cb) is -0.36‰ ±0.04 (2SD, n = 3). 
 The distribution coefficient of Sr in barite varied with temperature in the second 
set of experiments under equivalent solution Sr/Ba and saturation state conditions (Figure 
2.4a). A significant negative relationship (p < 0.05) was found between Sr-isotope 
fractionation and Kd(Sr) of barite in this set of experiments while changing temperature 
(R
2
 = 0.849, p = 0.026; Figure 2.5). For these experiments, Sr-isotope fractionation in 
barite increased with Kd(Sr) (and temperature). However, temperature is not the 
dominant control on stable Sr-isotope fractionation when considering all experiments.  
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Figure 2. 5 Δ88/86Srsolid-solution vs. Sr distribution coefficient (Kd(Sr)). Diamonds indicate 
experiments (1B, 2E, 2B, 2C, and 2D) with changing temperature but constant initial 
barite saturation state and Sr/Ba in solution (5 mol/mol). Squares indicate experiments 
(3C, 3D, 3Ca, and 3Cb) with changing initial saturation state but constant temperature 
(20ºC) and Sr/Ba in solution (5 mol/mol). Triangle indicates an average of isotopic 
fractionation and calculated Kd(Sr) for experiments 1A, 1C, 1D, and 3Cb, with various 
Sr/Ba ratios in solution but constant temperature (20ºC) and initial saturation index 
(3.55). Error bars on Δ88/86Sr are calculated for propagated errors as in Table 1 except for 
the changing Sr/Ba solution experiments (triangle) whose error bars are calculated as 
2SD of results from experiments 1A, 1C, 1D, and 3Cb and the average propagated error 
on Δ88/86Sr. Color of symbol indicates the temperature (Temp.) during the experiment in 
degrees Celsius (˚C). Gray dashed lines define the 95% confidence interval on the linear 
regression. Asterisks indicate which experiments had Ba loss >10%. 
 
 
 
 In the third set of experiments, all conditions were kept nearly constant except 
maximum calculated barite S.I., which varied from 3.0 to 4.3 (Table 2.3). There is a 
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positive correlation between Sr stable isotope fractionation and Kd(Sr) while changing 
barite saturation state (R
2 
= 0.752, p = 0.133; 
 
Figure 2.5) that is not statistically 
significant (p > 0.05) due to the small sample size. However Sr-isotope fractionation 
appears to decrease with an increase in the saturation state of barite, which increased 
Kd(Sr) in this set of experiments. Still barite saturation state was not the dominant control 
on stable Sr-isotope fractionation when considering all experiments.   
 Initial dissolved Ba
2+
 concentrations were maintained at levels higher than sulfate 
concentrations in all of the discussed experiments. Despite the large range of Ba
2+
/SO4
2-
 
ratios in the solutions (1.2 mol/mol to102.8 mol/mol), there is no apparent relationship 
between Sr-isotope fractionation and solution Ba
2+
/SO4
2-
 ratio.   
 
Discussion 
Factors controlling barite crystal morphology 
 
Changing solution chemistry can cause changes in nucleation, growth rate and 
diffusion rate, which influence crystal morphology. Previous studies have shown that 
barite precipitate features such as morphology, particle size distribution, crystallinity, and 
surface roughness vary and are related to parameters during precipitation such as 
saturation state, concentrations of aqueous cations and anions, pH, hydrodynamic 
conditions (e.g., stirred or unstirred, flow rate) and potentially biogenic or inorganic 
origin (e.g., Nielsen, 1964; Liu et al., 1976; Shikazono, 1994; Kowacz et al., 2007; 
Bonny and Jones, 2008). However identification of a unique mode of barite formation 
based solely on crystal size and morphology is an oversimplification of the complex 
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physiochemical and biological processes controlling barite formation (e.g., Bonny and 
Jones, 2008). On the other hand, the study of barite morphology under various controlled 
experimental conditions could be useful to indicate precipitation kinetics, which could be 
applied to often complex natural systems to better understand mechanisms of their 
formation (e.g., Shikazono, 1994; Kowacz et al., 2007).  
Various barite crystal morphologies (Figure 2.3) are seen in this study under 
different experimental conditions that likely affect the rate of diffusion of the solute to the 
growing crystal and growth rate of barite crystals (i.e., surface attachment). The relative 
importance of the diffusion rate and the growth rate of the crystal should dictate which 
controls the growth and form of the crystal. If diffusion is limiting, then 
dendritic/irregular forms result (Shikazono, 1994). However if crystal growth is limiting 
(not diffusion) well-formed euhedral/rhombic crystals precipitate (Shikazono, 1994). The 
resulting crystal morphology can be controlled under various experimental or natural 
conditions by factors such as the barite saturation state of the solution (e.g., Nielsen, 
1958; Shikazono, 1994), Ba
2+
/SO4 
2- 
ratio in the solution (Nielsen, 1984; Wong et al., 
2001; Kowacz et al., 2007), temperature during precipitation (this study), mixing rate of 
solution (Kowacz et al., 2007), or the presence of organic additives (Jones et al., 2004).   
The presence of euhedral crystals at 40˚C with barite S.I. = 3.52 in experiments 
2C and 2D (Figure 2.3f) could be explained by the unique high temperature conditions in 
this experiment (relative to the other experiments) that resulted in the dominant crystal 
growth-limiting mechanism for crystal precipitation and euhedral morphology 
(Shikazono, 1994). We suggest that the euhedral barite crystals are due to higher 
diffusion rates of ―solutes‖ at this elevated temperature relative to the growth rate of the 
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crystal, such that growth rate is limiting. This occurred even though Ba
2+ 
is in excess in 
solution relative to SO4
2-
, a condition which was suggested by Kowacz et al. (2007) to 
only result in dendritic crystals due to an increase in growth rate when Ba
2+
/SO4
2-
 > 1 
under constant saturation.  Interestingly, Kowacz et al. (2007) did observe a decrease in 
growth rate at extremely high ratios of Ba
2+
/SO4
2-
 > ~10 suggesting that there is not a 
simple relationship between Ba
2+
/SO4
2-
 and growth rate under all conditions.   
In our study, all of the experiments <40˚C resulted in irregular, aster and dendritic 
shaped crystals suggesting that the diffusion rate of ions in solution (in this case most 
likely SO4
2-
) was the limiting kinetic rate during crystal precipitation and the dominant 
control on barite crystal morphology. The effect of temperature seems to influence the 
relative rates of solute diffusion and growth in our experimental solutions more than 
changes in Ba
2+
/SO4
2-
 or saturation state within the experimental range. Thus temperature 
ultimately controls the crystal morphology via different crystal growth mechanisms 
between 5-40˚C in our experiments. Kowacz et al. (2007) did not vary temperature in 
their experiments and thus did not consider its effect on morphology within their 
experimental conditions.  
Factors controlling Sr elemental and isotopic composition in barite 
The solid mineral barite precipitated in the experiments from this study all show 
the preferential uptake of light Sr-isotopes into barite in agreement with previous results 
of Sr incorporated into aragonite and calcite (Fietzke and Eisenhauer, 2006; Ohno and 
Hirata, 2007; Halicz et al., 2008; Rüggerberg et al., 2008; Krabbenhöft et al., 2010; 
Knudson et al., 2010; Böhm et al., 2012; Raddatz et al., 2013; Stevenson et al., 2014; 
Vollstaedt et al., 2014). We agree with many of these previous studies that suggest the 
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discrimination of heavy Sr-isotopes during calcite precipitation and in our experiments 
during barite precipitation is most likely a process occurring at the surface of the crystal 
under non-equilibrium conditions (Fietzke and Eisenhauer, 2006; Halicz et al., 2008; 
Böhm et al., 2012) for the reasons outlined below. However, unlike previous results for 
calcite (e.g., Böhm et al., 2012), both our experimental and modeling results indicate that 
the heavy Sr-isotopes are discriminated against during barite precipitation under 
equilibrium conditions as well, see discussion below. 
The isotopic composition of cations incorporated in a growing crystal is 
controlled by two major factors (Böhm et al., 2012): (1) the isotopic difference between 
the kinetically fractionated surface layer and the equilibrium composition and (2) the rate 
of isotopic equilibration between the growing crystal and the fluid. The rate of isotopic 
equilibration depends on (a) the cation diffusivity in the near surface layer of the crystal 
(surface entrapment model; Watson, 2004; Tang et al., 2008a, b) or (b) the ratio between 
the net precipitation rate and dissolution rate (surface reaction kinetic model; DePaolo, 
2011) for discussion see Böhm et al. (2012). It has been demonstrated previously that the 
isotopic fractionation effects of cation diffusion in well-stirred seawater-like solutions are 
too small to explain the observed isotopic fractionation of calcium and strontium 
suggesting chemical kinetic isotopic fractionation is the dominant mechanism responsible 
for mass dependent kinetic rate effects in marine carbonates (Böhm et al., 2012). 
 In our experiments, stable Sr-isotope fractionation and Kd(Sr) vary with 
temperature and barite saturation index (Figure 2.5). However neither temperature nor 
barite saturation index was the dominant control on Sr-isotope fractionation under all 
experimental conditions. Instead opposite trends are observed between stable Sr-isotope 
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fractionation and the Sr distribution coefficient [Kd(Sr)] depending on whether 
temperature or saturation index of barite control Kd(Sr). For the experiments which 
varied temperature (5-40 ºC), stable Sr-isotope fractionation increases with increasing 
Kd(Sr); but for the saturation index changing experiments, stable Sr-isotope fractionation 
decreases with increasing Kd(Sr). Both trends converge at very low Kd(Sr) as seen in 
Figure 2.5. Assuming that the equilibrium Kd(Sr) of barite is close to zero following 
Böhm et al. (2012), we estimate the equilibrium fractionation of Sr-isotopes in barite 
(Δ88/86Sr) to be approximately -0.3‰ at ~20 ºC.  
 Sr-substituted barite is predicted to have lower 
88
Sr/
86
Sr than any other studied 
species at equilibrium, and at 25ºC will be about 0.6-0.7‰ lower than the two modeled 
Sr(H2O)8
2+
-bearing salts that could approximate aqueous Sr
2+ in the experiments. This 
agrees in direction and order of magnitude with the equilibrium value extrapolated from 
experimental results at ~20 ºC for nearly pure barite [Kd(Sr) ≈ 0] although the absolute 
values are different (about 0.3‰ different). The high ionic strength of some of the 
precipitating solutions (up to 1M) and potential differences in the average coordination 
number of aqueous Sr
2+
 add to uncertainty in a direct comparison of the calculated 
equilibrium isotopic fractionation values with the experimental results.  
 At equilibrium, Sr-substituted barite is predicted to have lower 
88
Sr/
86
Sr than 
strontianite (SrCO3). However strontianite is predicted to be within 0.05‰ of both 
Sr(H2O)8
2+
-bearing crystals (Fig. 2.2). Reconnaissance modeling of fractionation in Sr-
substituted calcite suggest that it is similar to strontia (SrO), and will be enriched in 
88
Sr 
relative to sulfates and orthorhombic carbonates including strontianite. Similar to our 
previous work on Ca isotopic fractionation of Ca substituted in barite (Griffith et al., 
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2008) the cation-O (or cation-F) bond length, and in the case of barite the unusually long, 
weak Sr-O bonds, probably cause the different equilibrium isotope fractionations 
predicted by first principle models (Figure 2.6). See also discussion in Huang et al. 
(2010).  
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
The uniformity of local coordination structure in Sr-substituted barite structures at 25%, 
12.5% and 6.25% suggests that the equilibrium Sr-isotope fractionation will not be 
sensitive to Sr-concentrations of ~25% or less if incorporation is uniform, i.e. Sr atoms 
are well removed from each other. If Sr-substitution is not uniform but clusters together 
Figure 2. 6 Relationship between model 
88
Sr/
86
Sr reduced partition function ratios and 
average Sr-O or Sr-F bond length. Hydrates and sulfates are labeled in groups according to 
their basic coordination structures. rave is the average Sr-O or Sr-F bond length, in Å. 
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to make celestine-like domains with a different equilibrium isotopic fractionation factor, 
then a different relationship could be seen between bulk Sr concentration in the solid 
phase and Sr-isotope fractionation due to equilibrium fractionation behavior. Future work 
to characterize the Sr incorporation in these samples at the micrometer or atomic scale 
would be required to understand if this is a possibility. 
 In our experiments we see clear relationships between Sr distribution in the solid 
phase compared to that in the solution [i.e., Kd(Sr)] and the measured Sr-isotope 
fractionation (Figure 2.5). Increasing temperature in our experiments resulted in an 
increase in mass dependent Sr-isotope fractionation, opposite to the trend that is predicted 
for equilibrium (Figure 2.2). Together these results suggest that the discrimination of 
heavy Sr-isotopes during barite precipitation is probably not solely an isotopic 
equilibrium effect but most likely a process occurring at the surface of the crystal under 
non-equilibrium conditions (kinetic effects). Similar to the results for Sr incorporated in 
calcite and aragonite, it is expected that for high precipitation rates in laboratory settings 
both isotopic and trace element partitioning are controlled by the chemical kinetics of ion 
attachment to the mineral surface, which tend to favor more rapid incorporation of the 
light isotopes and discriminate weakly between trace metals and the major cation-
forming the precipitated mineral (DePaolo, 2011). This appears to be the case for the 
temperature-changing experiments in this study. 
For the highest initial barite saturation state experiment, decreased stable Sr-
isotope fractionation at relatively high Kd(Sr) can be explained by the presence of a 
diffusive boundary layer that is enriched in heavy isotopes (more so than depleted in 
heavy isotopes by diffusional kinetic fractionation from the bulk solution). The presence 
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of a diffusive boundary layer could result in an enrichment of heavy isotopes above that 
expected for equilibrium conditions in the crystal at increasing precipitation rates (Fantle 
and DePaolo, 2007). Thus the isotopic composition of the bulk precipitated barite could 
approach the isotopic composition of the bulk solution (i.e., decreasing isotopic 
fractionation between the solid and solution) following the model by Fantle and DePaolo 
(2007).  
We did not quantify precipitation rates that would have allowed us to calculate 
and quantify this potential kinetic isotope effect (following Böhm et al., 2012). In our 
well stirred experiments with high [Ba
2+
]/[SO4
2-
] ratios (unlike seawater conditions with 
low [Ba
2+
]/[SO4
2-
] ratios), it is not clear whether this isotope effect could actually be 
large enough and control isotopic partitioning. Nonetheless we think that this is the only 
plausible explanation for our unique results. However this conclusion is contrary to a 
previous calculation by Böhm et al. (2012) for diffusive boundary layer isotope effects 
for Sr and Ca isotopes in calcite precipitated from well stirred fluids with seawater-like 
[Ca
2+
]/[CO3
2-
] ratios, which found these isotope effects to be negligible.   
Following the discussion of crystal morphology, we postulate that crystal growth 
in all our experiments except the 40˚C experiment is limited by the diffusion rate of ions 
in solution. The ion limiting crystal growth is most likely sulfate (SO4
2-
) added to the 
Ba
2+
 (and Sr
2+
) rich solutions and not Ba
2+ 
(or Sr
2+
). Therefore it is not the diffusion of 
cations in solution controlling barite crystal morphology, which could potentially affect 
the measured mass dependent Sr-isotope fractionation. The changing saturation state 
experiments do show isotopic evidence for a diffusive boundary layer for Sr
2+
 (as well as 
possibly sulfate). The high temperature (40˚C) experiment was the only sample that 
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exhibited euhedral crystals indicating crystal precipitation is only controlled by growth 
rate (i.e., surface attachment) rather than diffusion of sulfate or cations (including Sr
2+
) in 
solution.   
Conclusions 
 
Laboratory precipitated (synthetic) barite samples are significantly depleted in the 
heavy stable isotopes of Sr relative to the water from which they precipitate, with 
fractionation between barite and the solution ranging from ∆88/86Sr = -0.11 to -0.41‰ 
under various experimental conditions. Based on these experimental results, it is 
estimated that equilibrium Sr-isotope fractionation between barite and solution is -0.3‰ 
at ~20˚C. First principle models predict Sr-substituted barite to have lower 88Sr/86Sr than 
any other studied species, and at 25ºC will be about - 0.6 to - 0.7‰ relative to two 
modeled Sr(H2O)8
2+
-bearing salts that could approximate aqueous Sr
2+
 in the 
experiments. This agrees in direction and order of magnitude with experimental results, 
but the high ionic strength of some of the precipitating solutions (up to 1M) and potential 
differences in the average coordination number of aqueous Sr
2+
 add to uncertainty in a 
direct comparison of the calculated equilibrium isotopic fractionation value with the 
experimental result. 
Stable Sr-isotope fractionation in barite precipitated under controlled conditions 
in the laboratory deviates from equilibrium isotopic fractionation under the range of 
experimental conditions tested (varying temperature, barite saturation state and 
aSr
2+
/aBa
2+
) suggesting that discrimination of Sr-isotopes during barite precipitation is 
most likely a process occurring at the surface of the crystal under non-equilibrium 
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conditions. Two opposite trends were observed in our study: (1) Sr-isotope fractionation 
increased with increasing Sr distribution coefficients resulting from increasing 
temperature during precipitation and (2) Sr-isotope fractionation decreased with 
increasing Sr distribution coefficients resulting from increasing barite saturation state 
during precipitation. Increasing light Sr-isotope enrichment in barite over that expected at 
equilibrium (using the experimentally determined ‗equilibrium‘ fractionation factor of -
0.3‰ at ~20˚C) when increasing temperatures and Kd(Sr), could be explained by 
chemical kinetic isotopic fractionation, similar to results for calcite (Böhm et al., 2012). 
Heavy Sr-isotope enrichment in barite over that expected at equilibrium at increasing 
barite saturation states and Kd(Sr) could be explained with a diffusive boundary layer 
model (Fantle and DePaolo, 2007). 
Morphology of the crystals is controlled by the relative rates of solute diffusion 
and growth of the crystal as suggested by previous studies (Shikazono, 1994). 
Temperature affects relative rates of solute diffusion and growth rate of barite crystal 
during precipitation, which results in various barite crystal morphologies.   
Precipitation rate, diffusion rate, and cation diffusivity have been shown to 
control the rate of isotopic equilibrium between a crystal and the fluid from which it 
precipitates in a controlled experimental environment. Future studies of stable Sr-isotope 
fractionation in natural barite will help uncover which potential relationships and 
associated kinetic isotope effects are most important now that we have a better 
understanding of the various physicochemical isotope effects on barite precipitated under 
controlled abiotic conditions.  
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CHAPTER 3 
CONTROLS ON STABLE SR- ISOTOPE FRACTIONATION IN CONTINENTAL 
BARITE 
Widanagamage I.H., Griffith E. M., Singer D.M., Scher H.D., Buckley W. and Senko J.M. 
(2015) 
 Chemical Geology, v. 411 p. 215-227.  
Abstract 
 
 Barite precipitation typically occurs when barium rich fluids mix with sulfate rich fluids, 
however barite found in the modern continental environment suggests that biological 
activity can play an important role in barite formation by oxidizing sulfur and/or 
concentrating barium within microenvironments. These activities induce barite 
precipitation, and carry with them implications for studies of barite genesis. Strontium 
(Sr) is incorporated into the barite crystal structure during barite formation preserving a 
radiogenic and stable Sr-isotope signature in barite, providing information about its 
formation. Here we present Sr-isotope results from three artesian sulfidic springs with 
ongoing barite precipitation (Zodletone Spring, Oklahoma; Stinking Spring, Utah; and 
Doughty Springs, Colorado) to explore the controls on stable Sr-isotope fractionation 
during barite precipitation in a continental setting. Apparent stable Sr-isotope 
fractionation for all three sites ranged from -0.6‰ to ~0.0‰ similar to previously 
published calculated values for equilibrium conditions and measured values of synthetic 
barite. However, clear relationships do not exist between water and barite chemistry in 
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the natural systems, indicating that barite does not precipitate directly from solution, but 
heterogeneously within diverse microenvironments created by microbial biomass or on 
sediment surfaces. The dynamic microenvironments in a continental setting influence the 
apparent stable Sr-isotope fractionation during barite precipitation because of changing 
saturation conditions, Sr concentration and/or precipitation of different mineral phases 
(e.g., celestine). In order to better understand geochemistry of barite deposits, future work 
is necessary to study the controls on radiogenic and stable Sr-isotope signatures of barite 
in the context of the temporally and spatially dynamic nature of the continental setting.     
Introduction 
 
Barite (BaSO4) is a widely distributed, highly stable mineral in continental 
magmatic, metamorphic, and sedimentary rocks. Typically, barium rich fluid mixes with 
sulfate rich fluid resulting in barite precipitation (Hanor, 2000; Griffith and Paytan, 
2012). Barite can precipitate in natural settings due to processes associated with 
biological activity (e.g., Senko et al., 2004; Bonny and Jones, 2007b). For example, 
sulfide oxidizing bacteria in sulfur-rich springs are thought to play a major role supplying 
sulfate to Ba-rich waters in modern continental settings (Senko et al., 2004). In addition 
diatoms are thought to accumulate barium ions (Ba
2+
) in extracellular polymeric 
substances (EPS) inducing barite precipitation where sulfate is present (e.g., Bonny and 
Jones, 2007b). Few geochemical studies of barite precipitated in modern continental 
settings exist, but they could help in better understanding the genesis of ancient barite 
deposits, and potentially be used to establish biological activities in ancient rocks (e.g., 
Jewell, 2000; Huston and Logan, 2004; Bottrell and Newton, 2006; Bonny and Jones, 
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2008b; Sanz-Montero et al., 2009) and address questions surrounding the geochemistry 
of barite formation in extraterrestrial materials (e.g., Burt et al., 2004).   
Barite has high affinity to incorporate strontium (Sr) in its crystal structure (7,000 
to 10,000 ppm Sr; Averyt et al., 2003; Monnin and Cividini, 2006) since Sr is chemically 
similar to Ba, which makes barite an important archive of both radiogenic and stable Sr-
isotope compositions. The ratio of radiogenic 
87
Sr to non-radiogenic 
86
Sr can be used to 
determine the source(s) of the solution(s) from which barite precipitated (Reesman, 1968; 
Maynard et al., 1995) including differentiating paleotectonic settings of sediment-hosted, 
stratiform barite deposits (e.g., Jewell, 2000; Clark et al., 2004) and reconstructing 
contemporaneous seawater composition using marine barite (e.g., Goldberg et al., 1969; 
Paytan et al., 1993). For these studies, the stable Sr-isotope ratio (
88
Sr/
86
Sr) is assumed to 
be constant and used as an internal normalization ratio to correct for instrumental mass 
fractionation, which by definition erases the signature of natural mass dependent Sr-
isotope fractionation in the measured sample. 
Recent work using external corrections for mass fractionation effects during 
measurement of Sr-isotopes by mass spectrometry have revealed significant mass 
dependent Sr-isotope variations (88/86Sr reported and measured relative to standard SRM 
987) in many types of natural samples such as soils, rocks, plants, rivers, rain, seawater, 
marine carbonates, and hydrothermal fluids (Fietzke and Eisenhauer, 2006; Ohno and 
Hirata, 2007; Halicz et al., 2008; Ruggeberg et al., 2008; Krabbenhöft et al., 2009; De 
Souza et al., 2010; Knudson et al., 2010; Krabbenhöft et al., 2010; Böhm et al., 2012; Ma 
et al., 2013; Raddatz et al., 2013; Stevenson et al., 2014; Vollstaedt et al., 2014; Pearce et 
al., 2015). Results from abiotic barite precipitation experiments have shown that barite 
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preferentially incorporates the light isotopes of Sr during precipitation from solution, in 
agreement with previous work on stable metal isotopes in barite and other solids (e.g., 
calcium stable isotopes) and Density Functional Theory modeling calculations 
(Widanagamage et al., 2014). The experimental work also reveals that Sr-isotope 
fractionation is likely controlled by chemical kinetic effects primarily because at higher 
temperatures barite was more fractionated from the solution opposite to what equilibrium 
conditions would predict and barite saturation state was also found to influence Sr-
isotope fractionation (Widanagamage et al., 2014). This initial published work 
demonstrated that stable Sr-isotope ratios in barite are variable and could be useful in 
revealing conditions during precipitation such as abiotic processes including changes in 
temperature and/or solution chemistry and processes associated with biological activity if 
unique isotopic fractionation factors can be identified. Using unique isotopic signatures to 
distinguish between abiotic and microbially mediated barite is important for establishing 
evidence of biological activities in ancient rocks and ensuring accurate interpretations of 
geochemical data from barite. 
In this study, we aim to identify the controlling factors of stable mass dependent 
Sr-isotope fractionation during natural barite precipitation in modern continental settings 
to gain insight into various biologically mediated barite precipitation processes and to 
compare these results with previously published experiments that evaluated Sr-isotope 
fractionation in abiotic barite (Widanagamage et al., 2014). The combined use of 
elemental ratios (Sr/Ba) and radiogenic and stable mass dependent Sr-isotope 
compositions of barite will be investigated as a new set of geochemical tools to identify 
mode of barite mineralization in the continental setting. Further, we will explore the 
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possibility of submicron-scale heterogeneity of Sr incorporation in the solid samples and 
comment on its potential influence on the measured bulk elemental and isotopic 
measurements.  
Study sites 
 
 Three sulfidic, warm artesian springs in the United States were sampled in order 
to study the stable Sr-isotope fractionation in barite precipitated in association with 
biological activity: 1) Zodletone Spring, Oklahoma, 2) Stinking Spring, Utah and 3) 
Doughty Springs, Colorado (Fig. 3.1).   
 Zodletone Spring (Oklahoma) feeds a small tributary brook (~20 m long), which 
flows into the southern bank of Saddle Mountain Creek in the Anadarko Basin. Barite 
was previously found along with other minerals such as calcite and quartz within 
Pleistocene stream alluvium, as well as in seasonal whitish streambed sediments 
(Younger, 1986; Senko et al., 2004). Anaerobic, anoxygenic phototrophic bacteria at the 
site oxidize sulfide to sulfate, which is thought to induce barite precipitation (Senko et al., 
2004).  
 Stinking Spring (Utah) emerges through the normal faulted Mississippian 
Lodgepole Limestone Formation, which outcrops as cliffs and ledges north of the Great 
Salt Lake near the base of Little Mountain in the Wasatch Mountain Range (Klauk and 
Budding, 1984; Blacket and Wakefield, 2004; Bonny and Jones, 2007b). Thick microbial 
mats associated with diatoms, cyanobacteria, and sulfate reducing bacteria occur along 
the flow path (Bonny and Jones, 2007b). These mats are lithified by calcite precipitated 
from the spring water forming porous calcite deposits (tufas) that trap and preserve 
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diatom frustules. Microcrystalline barite is found in association with diatom frustules, but 
not soft bodied microbes (Bonny and Jones, 2007b). It is thought that at this site diatoms 
bioaccumulate barium in their tissues and adsorb barium in diatom extracellular 
polymeric substances (EPS) inducing precipitation of primary barite (Bonny and Jones, 
2007b).  
 Doughty Springs (Colorado) are located in the Lower Cretaceous Dakota 
Sandstone Formation emanating from fractures in the cliff and cauldrons in the ground on 
the northern bank of the North Fork of the Gunnison River in Delta County (Headden, 
1905; Cunningham et al., 1996). Mineral precipitation, presumably calcite (but aragonite 
or barytocalcite could be present), along with barite and elemental sulfur forms a large 
travertine terrace, which is periodically undercut by the river (Younger, 1986). Barite is 
found associated with surface organic matter and seen as replacing vascular plant 
material along with acicular calcite and in surface crusts so that it has been described as 
an alteration product (Younger, 1986). Barium accumulation from the water by 
protozoans and algae are also thought to explain the high amount of barite precipitating in 
the travertine despite the low barium concentrations in the water; however solely abiotic 
processes have not been ruled out (Younger, 1986).  
 Three sulfidic, warm artesian springs in the United States were sampled in order 
to study the stable Sr-isotope fractionation in barite precipitated  in association with 
biological activity: 1) Zodletone Spring, Oklahoma, 2) Stinking Spring, Utah and 3) 
Doughty Springs, Colorado (Figure 3.1).   
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Figure 3. 1 Study site sample locations in the United States with mineral precipitation 
at/near spring and drainage path. Flow direction indicated with blue arrows. T = 
temperature in degree Celsius (˚C). DO = dissolved oxygen concentration in mg/L. 
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Methods 
Water chemistry 
In situ  
 Field work was conducted at all sites in summer 2011. Water temperature, pH, 
oxidation reduction potential (ORP), conductivity, and dissolved oxygen (DO) were 
measured in situ along the spring paths using a portable YSI Professional Plus 
multiparameter meter. Sulfide concentration and alkalinity were measured immediately at 
the field site using colorimetry (HACH method 8131) and titration (HACH method 
8203), respectively. Duplicate samples reproduced within 11.3% and 1.8% RSD for 
sulfide and alkalinity respectively. 
Anions 
  Filtered water samples were collected for chloride (Cl
-
) and sulfate (SO4
2-
) 
analysis. An additional set of water samples were collected to analyze thiosulfate (S2O3
2-
) 
concentrations and were treated with ~2 mL of ZnCl2 to precipitate ZnS and prevent 
oxidation of sulfide to thiosulfate prior to analysis following Cunningham et al. (1996). 
Samples were stored on ice in the dark prior to analysis in the lab at Kent State 
University. Sulfate, thiosulfate, and chloride concentrations were determined using a 
Dionex (DX-600) ion chromatograph (IC) system. Samples were diluted with ultrapure 
water prior to analysis. External precision is <5% (RSD) for the IC method confirmed on 
duplicate analyses (n=2) of intermediate Cl
-
, SO4
2-
, and S2O3
2-
 standards during the 
analytical run, resulting in RSD for Cl
-
, SO4
2-
 and S2O3
2-
 of 2.3%, 0.2% and 0.1% 
respectively. Field duplicates (3 duplicated samples) resulted in a larger range of RSD 
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values of <0.1% to 3.7% for Cl
-
; 3.6% to 34.0% for SO4
2-
; 0.02% to 16.8% to for S2O3
2-
. 
A sample split in the lab yielded RSD for Cl
-
, SO4
2-
 and S2O3
2-
 of 0.5 %, 4.2% and 3.7% 
respectively.  
Cations 
 Water samples were collected by syringe, filter-sterilized (0.22 μm) and acidified 
using trace metal grade nitric acid for cation analysis. Ba, Sr, K, Na, Ca, Mg, Fe, and Al 
concentrations were determined by a Perkin Elmer 3300DV inductively coupled plasma 
emission spectrometer (ICP-OES) at Kent State University. Bulk, mixed standard 
solutions were prepared with certified ICP standard solutions. Based on replicate analyses 
(n=3) of an intermediate concentration standard during the analytical run the external 
precision for all cations is better than 2.5% (RSD). Field duplicates showed variations in 
duplicate measurements of 0.0% to 13.2% (RSD) expect for very low concentrations of 
Ba in Colorado (Table 1).  
Saturation calculations 
 Water chemistry data from each sampling location were used to calculate 
saturation indices of potential minerals using Visual MINTEQ 3.0 (Gustafasson, 2007). 
Saturation index (S.I.) is defined as the difference between the log of the ion activity 
product (IAP) and the log of the solubility product (Ksp) or log (IAP)-log (Ksp). 
Barite elemental ratios 
 Sediment samples were collected from the spring source to the end of the 
discharge at all sites. Barite was separated from these bulk sediment samples using a 
severe digestion process to dissolve all other solid phases except barite following Griffith 
et al. (2008), including ashing to remove organics. Samples were examined under a FEI 
 93 
 
Quanta 200 Environmental Scanning Electron Microscope (ESEM) with EDS attachment 
to ensure the purity of barite was >80% in the residue prior to elemental and isotopic 
analysis. Barite samples (~3 mg) were dissolved 4-5 days in a 7 mL mixture of 10 mM 
ethylenediaminetetraacetic acid (EDTA) solution adjusted to pH >13 using potassium 
hydroxide (~4.14 g KOH in 2 L of 10 mM EDTA) following Averyt et al. (2003). Sr and 
Ba concentrations of the solutions were measured using an ICP-OES Perkin Elmer 
3300DV with cross flow nebulizer and Scott-type spray chamber at Kent State University 
immediately after dissolution. Based on replicate analyses (n = 3) of the low standard 
during the analytical run, the external precision for Sr and Ba were better than 2% (RSD) 
and reproducible within 4% for Sr/Ba.  
Isotopic analysis 
Sample preparation 
 
 Strontium isotopic analyses were done on the water and barite (sediment) samples 
collected from each study site. Purified barite samples were dissolved in cation exchange 
resin (MCI Gel, CK08P) following the method outlined in Griffith et al. (2008) and used 
in Widanagamage et al. (2014). Strontium was isolated from other cations in the natural 
waters and dissolved barite solutions using extraction chromatography with Sr Spec resin 
(50-100 µm mesh, Eichrom Industries, Lisle, IL, U.S.A.) at the University of South 
Carolina (USC) following Scher et al. (2014). 
Many multiples of the required mass of Sr for isotopic analysis was loaded onto 
the columns (~1 g of Sr) to minimize the relative contribution of contaminant Sr. The Sr 
blank determined on the barite separation and Sr-spec column procedure is <0.1% of the 
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processed barite samples for the entire procedure, and mass balance calculations indicate 
that no correction for a blank was necessary in this study.  
 
Mass spectrometry  
 
Strontium isotope ratios were measured on a Neptune Plus Multicollector-
Inductively Coupled Plasma Mass Spectrometer (MC-ICPMS) in the Center for 
Elemental Mass Spectrometry (CEMS) at USC. The multicollector allows for 
simultaneous detection of masses, providing precise and reliable isotopic ratio data for 
both radiogenic and stable isotopic measurements of Sr. Mass discrimination within the 
instrument is large (for Sr isotopes ~2.5% u
-1
) and is corrected using internal and external 
corrections following Scher et al. (2014). Conventional internal correction was done 
assuming non-radiogenic 
86
Sr/
88
Sr ratio = 0.1194 to calculate radiogenic 
87
Sr/
86
Sr ratios 
(Neir, 1938). All masses of Sr were collected (84, 86, 87, and 88). Samples and standards 
were doped with 20 ppb Zr for the external mass bias correction, and masses 90 and 91 
(i.e., 
90
Zr and 
91
Zr) were measured. Isobaric interferences of of krypton (Kr) on masses 
84 and 86 and rubidium (Rb) on mass 87 arise from trace quantities of Kr in the argon 
supply and from Rb in low but detectable quantities resulting from incomplete separation 
from Sr during cation chromatography. Masses 82, 83, and 85 (i.e., 
82
Kr, 
83
 Kr, 
85
Rb) 
were measured to correct for these interferences. Isobaric interference corrections were 
made assuming natural isotope ratios of Kr and Rb (i.e., 
83
Kr/
84
Kr = 0.20175; 
83
Kr/
86
Kr = 
0.66474; 
85
Rb/
87
Rb = 2.59231) and correcting these ratios for mass bias using an 
exponential law with 
86
Sr/
88
Sr = 0.1194 as the reference ratio. A sample standard 
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bracketing technique was used in order to further constrain mass bias during analyses, 
which improved the reproducibility of the measurements (e.g., Kramchaminov et al., 
2012; Scher et al., 2014).  
Using the sample introduction system described in Scher et al. (2014) (nickel 
sample cone, nickel skimmer (H) cone, cyclonic Scott-type spray chamber), sensitivity 
for Sr was 125-150 V/ppm Sr resulting in a sample size of 80-100 ng of Sr for a complete 
analysis. The mean and standard deviation of the isotope ratios were calculated from one 
block consisting of 20 cycles of 8 s integrations. Prior to each analysis on-peak blanks 
were measured on the acid used to dilute the samples and blank corrections were applied 
to the raw intensities. Blank corrections were negligible, amounting to <0.01% for 
masses 86, 87, 88, 90, and 91. Replicate analysis of SRM 987 yielded 
87
Sr/
86
Sr equal to 
0.710285 ±0.000020 (2SD, n=113) for the analytical session. All of the 
87
Sr/
86
Sr values 
reported here have been normalized to SRM 987 
87
Sr/
86
Sr = 0.710248 (McArthur, 1994). 
A sample of seawater collected during the GEOTRACES Intercalibration cruise was used 
as a consistency standard for the method and replicate analysis yielded 0.709171 
±0.000017 (2SD, n=11) for 87Sr/86Sr and δ88/86Sr = 0.37‰ ±0.08 (2SD, n=11) equivalent 
to published seawater Sr-isotope data (e.g., Krabbenhöft et al., 2009).   
Scanning electron microscopy  
 
 Samples intended for scanning electron microscopy (SEM) were collected in the 
field using sterile spatulas, and immediately fixed with a solution of glutaraldehyde (1%) 
and site water. Samples were stored on ice in the dark during their return to Kent State 
University. After air drying, samples were mounted (wet) on carbon tabs on the 
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aluminum stubs and examined using a FEI (FEI Company, Hillsboro, OR) Quanta 200 
Environmental Scanning Electron Microscope (ESEM) fitted with an EDAX (EDAX 
Inc., Draper, UT) energy dispersive X-ray spectroscopy (EDS) system. 
 
Synchrotron x-ray microprobe analysis  
 
Thin sections were prepared of natural and synthetic barite grains embedded into 
epoxy and mounted by Spectrum Petrographics, Inc. (Vancouver, WA). Standard thin 
sections (30 µm thick) were mounted onto high-purity quartz-glass slides. X-ray 
microprobe analysis was performed at beamline 13-IDE (Newville et al., 1999) at the 
Advanced Photon Source (APS) and included micro-X-ray fluroresence (-XRF) 
mapping and micro-X-ray diffraction (-XRD). The synchrotron x-ray beam size used for 
the µ-XRF images was 1.5 µm x 1.5 µm at full width half-maximum using a Pt-coated 
Kirkpatrick-Baez (K-B) focusing optics system (XRadia). X-ray fluorescence data was 
collected using a four-element Si Vortex Detector (SSI). Monochromatic x-rays were 
selected using a water cooled Si(111) φ = 90 double crystal monochromator. Maps were 
collected at 20 keV and data were collected at 1 μm pixel size and 25 ms dwell time per 
point for the following elements: K, Rb, Sr, Ba, Cu, Zn, and Fe. Fluorescence maps were 
analyzed using the software package Larch (Newville et al., 2013). Fluorescence counts 
were normalized to the measured intensity of the incident energy of the x-ray beam (I0) 
for each energy map across each line; I0 did not change (within 1%) over each map area 
and for each energy. Mircro-XRD patterns were collected on selected areas in 
transmission geometry using an area CCD camera with the incident beam energy set at 20 
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keV ( = 0.6200 Å). The resulting images were processed with FIT2D (Hammersley, 
1997). The sample-to-detector distance and geometric corrections were calculated using 
CeO2 as a standard. After these corrections were applied, the 2D images were integrated 
radially to yield 1D diffraction patterns that could then be analyzed using standard 
techniques. Background subtraction, including removal of the scattering from the glass 
slide, and phase identification were performed using JADE 6.5 (Materials Data Inc., 
Livermore, CA). 
Results 
Natural water and barite geochemistry 
 
Barite precipitation occurs at all three sites under different geochemical 
conditions.  During sample collection, the source waters of the springs ranged in 
temperature from 16.5˚C (Colorado – Middle Springs) to 44.2˚C (Stinking Spring, Utah). 
The source (spring) waters are classified as sodium-chloride type in Oklahoma and Utah, 
and sodium-bicarbonate to sodium-chloride type in Colorado (following Back, 1966) 
with conductivity measurements as high as 62 mS/cm in Utah and as low as ~5 mS/cm in 
Colorado (Table 1).  
The sampling locations have barium-rich (up to 0.419 mM), sulfide-rich (up to 
4.28 mM) waters with Sr/Ba ratios ranging from 0.63 mol/mol (Oklahoma) to 19.29 
mol/mol (Colorado), see Table 1. In all cases, the water is sulfidic and suboxic with 
increasing oxygen and sulfate concentrations from the spring source along the flowpath 
where oxidation of sulfide to thiosulfate and sulfate occurs (Figure 3.1). At all sites barite 
(as well as calcite, aragonite, and dolomite) is supersaturated in the waters while celestine 
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(SrSO4) is not (Tables 1, A1). One exception exists (CO/B1), with the lowest Ba
2+
 
concentration (< 1 M) and, therefore, barite undersaturation. The highest saturation 
index (S.I.) for barite is 1.86 in Stinking Creek, Oklahoma with the highest SO4
2-
 
concentration (3.738 mM). However, barite saturation index is not significantly related to 
SO4
2-
 when considering all the water samples (R
2
 = 0.092; n = 26). Barite saturation 
index does significantly (p < 0.05) positively correlate to total molar concentration of S 
(as sulfide, thiosulfate and sulfate) in solution, concentrations of Ba
2+
 and sulfide, and pH 
(R
2
 = 0.741, 0.445, 0.430, 0.359 respectively).  
Sufficient barite for isotopic and elemental analysis was only found in 16 
sediment samples from the 26 sampling locations. Barite crystals range from 1 to 20 μm 
in size and form euhedral to anhedral crystals in the shape of rosettes, needle-like 
elongated crystals, asters, as well as other shapes shown in Figure 3.2. Diatoms, 
biological streamers and filamentous bacterial structures were associated with mineral 
phases at the three sites, described in more detail in the discussions.  
Barite Sr/Ba ratios range from 23.7 to 77.9 mmol/mol (n = 16), but are not 
significantly correlated with Sr/Ba ratios in solution (R
2
 = 0.131; p > 0.05). However, 
Sr/Ba in barite is significantly (positively) related to Sr concentration in solution (R
2
 = 
0.799; p = 0.0001; Fig. A1). Barite Sr/Ba is also significantly correlated (p < 0.05) with 
water temperature, ionic strength and conductivity (R
2
 = 0.542, 0.783, and 0.494 
respectively), but not the calculated saturation index of barite or any other measured 
solution parameter.  
A large range of stable Sr-isotope compositions was measured in the barite 
samples (-0.43 to +0.16‰) and natural waters (-0.04 to +0.50‰) as shown in Fig. 3. The 
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waters measured in this study have the highest and lowest δ88/86Sr values measured thus 
far in natural waters (Fig. 3). The barite samples analyzed are among the lowest δ88/86Sr 
values measured in natural solid samples. Colorado waters and Utah samples show large 
ranges of δ88/86Sr values compared to Oklahoma samples.  
Barite δ88/86Sr is significantly related (p < 0.05) to the Sr/Ba measured of the same 
barite samples (R
2
 = 0.347; p = 0.0164), but is not significantly related (p > 0.05) to water 
δ88/86Sr measured at the same location for this study when considering all three sites 
together (R
2
 = 0.225; p = 0.0636). Water δ88/86Sr is not significantly related to any 
measured water parameter except the 
87
Sr/
86
Sr value of the water (R
2
 = 0.485; p = 
0.0027) and the total molar sulfur in solution (R
2
 = 0.384; p = 0.0105), a trend that is 
forced by the very high isotopic and total sulfur values of the three Oklahoma samples.  
Barite has lower δ88/86Sr values than the analyzed solution at the same sampling 
location in all samples, except one location from Colorado (CO/ME) whose water and 
barite δ88/86Sr values are within error the same. This suggests that barite preferentially 
incorporates the light isotopes of Sr during precipitation from solution in agreement with 
previously published data (Widanagamage et al., 2014). Apparent stable Sr-isotope 
fractionation (∆88/86Sr = δ88/86Srbarite - δ
88/86
Srwater) varies from +0.07 to -0.64‰ (±0.07‰; 
average propagated 2SD; Fig. 4). When considering all sample locations together, there is 
no significant relationship (p < 0.05) between Sr-isotope fractionation and any measured 
water parameter. A significant negative relationship is seen between apparent stable Sr-
isotope fractionation and the measured barite Sr/Ba ratio (R
2
 = 0.392; p = 0.0095). 
Radiogenic Sr-isotope measurements (
87
Sr/
86
Sr) in these same barite and water 
samples were significantly correlated when considering all sites together (R
2
 = 0.999; p < 
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0.0001). The measured barite and water 
87
Sr/
86
Sr values were all more radiogenic than 
surface sedimentary units suggesting deep radiogenic sources of Sr in the spring waters 
(Table 1). Each spring has unique 
87
Sr/
86
Sr ratios, which are generally reflected in the 
87
Sr/
86
Sr values of the barite. However, barite 
87
Sr/
86
Sr is significantly less radiogenic 
than the 
87
Sr/
86
Sr ratio of the water collected at the same sampling location at each site 
except OK/S1.  
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Table 3. 1 Geochemical and Physicochemical data of the water ; OK-Oklahoma, UT-Utah, CO-Colorado 
Sample 
ID 
Distance (m) from 
the source 
Temp. Conductivity DO pH Sr Ba S.I.
a
 
Barite 
Sr/Ba 
Solution 
Sr/Ba 
barite 
  ˚C µS/cm mg/L  mM mM  mmol/mol mmol/mol 
OK/S6 0 20.5 16,635 0.50 7.32 0.259 0.409 1.49 0.63 75.9 
OK/S5 15 20.9 16,586 1.58 7.44 0.264 0.416 1.52 0.63  
OK/S4 27 21.1 16,115 2.02 7.31 0.263 0.418 1.25 0.63  
OK/S3 39 21.3 16,738 2.54 7.43 0.261 0.418 1.26 0.62  
OK/S3 field duplicate 21.9 16,873 2.70 7.38 0.268 0.418 0.88 0.64  
OK/S2 46 21.4 16,539 4.80 7.40 0.266 0.415 1.41 0.64  
OK/S1 52 21.4 16,067 5.17 7.71 0.267 0.419 1.42 0.64 50.5 
OK/S7 67 33.6 177 1.60 7.92 0.186 0.015 1.86 12.46 51.4 
UT/S1 0 44.2 62,505 0.74 6.56 0.345 0.071 0.28 4.86  
UT/S1 lab duplicate  62,505   0.340 0.073  4.66  
UT/S2 16 43.6 61,767 1.05 6.68 0.311 0.066 0.15 4.71  
UT/S3 32 42.1 60,675 0.64 6.79 0.323 0.068 0.38 4.75  
UT/S4 40 41.6 60,480 0.19 6.84 0.308 0.066 0.46 4.67  
UT/S5 47 39.1 58,374 3.13 6.79 0.320 0.068 0.52 4.70 66.74 
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UT/S6 57 37.2 57,120 3.87 6.84 0.311 0.071 0.70 4.38 77.54 
UT/S7 68 34.4 15,560 6.72 7.44 0.327 0.073 0.82 4.48 69.94 
UT/S8 83 35.1 53,783 7.70 7.48 0.353 0.077 0.78 4.60 63.76 
CO/MW 0 16.5 4,600 0.97 6.30 0.034 0.005 0.63 7.24  
CO/M 0 18.1 4,785 2.95 6.62 0.035 0.006 0.69 6.17 26.73 
CO/M lab duplicate     0.036 0.006  6.00  
CO/ME 3 18.4 4,834 3.12 6.61 0.036 0.008 0.85 4.48 23.71 
CO/ME1 5 18.4 4,817 4.48 6.71 0.035 0.006 0.71 5.88 28.95 
CO/ME2 10 19.5 4,866 5.34 7.03 0.036 0.007 0.78 5.11 25.22 
CO/ME3 18 21.5 4,890 4.44 7.41 0.037 0.006 0.84 6.39 49.27 
CO/ME4 22 24.2 5,338 3.75 7.62 0.036 0.002 0.44 14.87 34.59 
CO/D1 0 16.5 4,349 3.20 6.51 0.028 0.000 -0.07 56.87 31.61 
CO/D2 2.4 16.5 4,370 3.30 6.75 0.036 0.002 0.27 16.42 41.66 
CO/D2 field duplicate 17.3 4,325 3.34 6.78 0.037 0.004 0.45 9.25  
CO/B1 0 16.6 4,438 1.57 7.43 0.035 0.002 0.34 17.27  
CO/B2 4 20.4 4,755 5.50 7.65 0.034 0.002 0.40 19.29 25.09 
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Table 3. 2 Geochemistry of the field sites 
Sample 
ID 
Ca  
mM 
Mg 
mM 
Na  
mM 
K 
mM 
Cl  
mM 
HCO3 
mM 
sum sulfide + 
2*S2O3 + SO4 
(mM) 
OK/S6 9.93 7.78 137.91 1.12 175.47 9.35 4.287 
OK/S5 10.02 7.91 140.65 1.14 173.93 8.91 4.330 
OK/S4 10.00 7.98 141.60 1.13 172.53 8.99 3.661 
OK/S3 9.98 7.55 130.33 1.09 167.59 8.69 3.902 
OK/S3 
Field 
Dup. 
10.25 8.00 142.21 1.17 172.10 9.25 3.336 
OK/S2 10.17 7.97 138.75 1.12 170.77 8.75 3.133 
OK/S1 9.92 8.01 143.57 1.15 170.11 9.31 2.723 
OK/S7 9.65 8.12 109.44 0.88 144.45 3.04 4.041 
UT/S1 21.55 15.06 433.20 <1.02 537.49 7.23 0.674 
UT/S1 
Lab Dup. 
21.18 15.42 444.05 <1.02 539.45   
UT/S2 19.57 13.89 403.31 <1.02 543.62 6.99 0.580 
UT/S3 20.28 14.27 411.95 <1.02 547.86 7.09 0.564 
UT/S4 19.43 13.85 403.20 <1.02 550.24 6.53 0.555 
UT/S5 20.11 14.23 410.94 <1.02 553.16 6.87 0.473 
UT/S6 19.46 14.25 414.69 <1.02 556.69 5.95 0.414 
UT/S7 20.19 14.48 417.24 <1.02 564.40 5.30 0.395 
UT/S8 21.69 15.76 452.61 <1.02 562.80 4.96 0.352 
UT/S8 
Field  
Dup. 
19.76 14.39 414.93 <1.02 564.55 5.00   
CO/MW 2.81 1.89 48.45 <0.51 24.32 36.27 1.365 
CO/M 2.87 1.92 49.25 <0.52 24.57 35.27 1.370 
CO/ME 3.00 2.00 51.86 <0.54 24.63 27.08 1.273 
CO/ME1 2.93 1.96 50.61 <0.55 24.79 35.67 1.166 
CO/ME2 2.95 2.00 51.86 <0.56 24.93 37.57 1.075 
CO/ME3 3.04 2.02 52.16 <0.57 25.34 36.67 1.174 
CO/ME4 2.96 2.01 52.16 <0.58 25.49 25.78 1.023 
CO/D1 <0.5 0.25 7.34 <0.59 23.06 32.97 0.606 
CO/D2 2.87 1.82 47.56 <0.60 23.28 31.37 0.967 
CO/D2 
Field 
Dup. 
2.92 1.85 48.36 <0.61 23.29 31.07 0.903 
CO/B1 2.56 1.86 48.59 <0.62 23.70 33.77 0.906 
CO/B2 2.37 1.87 49.18 <0.63 24.10 34.47 0.876 
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Figure 3. 2 Scanning electron microscope backscatter images of sediment 
collected in this study. Zodletone Spring, Oklahoma: A. Spring sediment 
(unprocessed) sample with bacterial filaments (circled) around silicate sediment 
grain showing the association with barite (white) crystals in what appears to be 
EPS; B. Another image from same unprocessed, preserved sample (OK/S6) 
showing rounded barite (white) crystals; C. Concentration of barite crystals grown 
in a circular pattern from unprocessed, preserved sediment sample at the end of 
the drainage path (OK/S1); D. Intergrown tabular barite (white) crystals in a 
chemically processed sample at the same location as C; E. Subhedral platy and 
euhedral to rounded barite (white) crystals chemically separated (processed) from 
sediments sampled in Saddle Mountain Creek (OK/S7). Stinking Spring, Utah: F. 
Massive barite (white) replacement of what appears to be biological material and 
anhedral barite (UT/S5); G. Barite (white) crystals associated with bacterial 
filaments (UT/S6); H. Barite (white) replacement of a diatom alongside anhedral 
barite (UT/S7); I. Needles and asters of barite (white) from a processed sample 
(UT/S7). Doughty Springs, Colorado: J. Large (~20 µm)  rosettes and tabular 
barite crystals in an unprocessed, preserved sample from the Middle Springs 
(CO/ME); K. Barite asters and needles within a mix of organics, sulfur and calcite 
grains in an unprocessed, preserved sample from Drinking Spring (CO/D2); L. 
Rounded crystals and needles of barite infilling or replacing structure in Bathtub 
Spring (CO/B1). 
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Figure 3. 3 Natural samples from marine and continental Earth systems 
analyzed for stable Sr-isotope compositions. Vertical blue bar indicates 
value for modern seawater reported in previously published studies. 
Igneous and metamorphic rocks from Ohno and Hirata (2007) and De 
Souza et al. (2010); hydrothermal fluids from Krabbenhöft et al. (2010); 
continental barite ( gray rectangle) and associated waters (white 
rectangle) from this study; modern rivers, alpine water and snow from 
De Souza et al. (2010) and Krabbenhöft et al (2010); terrestrial plants, 
speleothem calcite, loess, groundwater, and terra rossa soil from Halicz 
et al (2008) and De Souza et al. (2010); terrestrial bones from Knudson 
et al. (2009); sclerosponges from Fietzke et al. (2008); brachiopods 
from Vollstaedt et al. (2014); planktonic foraminifer from Krabbenhöft 
et al. (2010) and Böhm et al. (2012); halimeda, coccoliths and 
continental shelf taxa from Krabbenhöft et al. (2010); cold water corals 
from Ruggeberg et al. (2008), Raddatz et al. (2013); and tropical corals 
from Fietzke and Eisenhauer (2006), Halicz et al. (2008), and 
Krabbenhöft et al. (2010). 
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Figure 3. 4 Stable Sr-isotope composition for natural continental barite 
samples and associated waters at Stinking Spring, Utah (gray triangles), 
Doughty Springs, Colorado (solid squares), Zodletone Spring and 
Stinking Creek, Oklahoma (open diamonds) relative to SRM 987. 
Apparent fractionation factor lines in permil (∆88/86Sr = δ88/86Srbarite - 
δ88/86Srwater) are drawn for reference. Error bars are 2SD of replicate 
analyses on the MC-ICPMS. 
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Table 3. 3 Strontium isotope measurements of water and barite in continental setting. 
Sample 
ID 
87
Sr/
86
Sr 
water 
2SD δ88/86
Sr  
2SD
c
 n
b
 
87
Sr/
86
Sr 
barite 
2SD δ88/86
Sr  
2SD
c
 n
b
 
Δ88/86 
Sr 
+/- 
  Normaliz
ed 
  water     Normaliz
ed 
  Barit
e 
    Permil permil
d
 
OK/S6 0.710276 0.000012 0.44 0.07 3 0.710250 0.000011 0.13 0.08 3 -0.31 0.11 
OK/S1 0.710281 0.000018 0.45 0.05 3 0.710271 0.000023 0.12 0.05 3 -0.33 0.07 
OK/S7 0.710208 0.000006 0.50 0.02 3 0.710127 0.000003 0.16 0.02 3 -0.34 0.03 
UT/S1 
LD 
0.716180 0.000003 0.17 0.05 3        
UT/S2 0.716661 0.000010 0.20 0.08 3        
UT/S3 0.717166 0.000006 0.21 0.10 3        
UT/S4 0.717257 0.000019 0.18 0.07 3        
UT/S5 0.717284 0.000016 -0.04 0.02 2 0.717206 0.000019 -0.33 0.09 3 -0.29 0.09 
UT/S6 0.717271 0.000023 0.21 0.02 3 0.717195 n/a -0.43 n/a 1 -0.64 n/a 
UT/S7 0.717275 0.000017 0.16 0.03 3 0.717088 0.000009 -0.3 0.03 3 -0.46 0.04 
UT/S8 0.717272 0.000018 0.09 0.06 3 0.717231 0.000017 -0.19 0.06 3 -0.28 0.08 
CO/M 0.713845 0.000012 0.19 0.02 3 0.713537 0.000016 0.08 0.02 3 -0.11 0.03 
CO/ME 0.713855 0.000017 0.00 0.05 3 0.713613 0.000002 0.07 0.07 3 0.07 0.09 
CO/ME1 0.713862 0.000030 0.16 0.08 2 0.713642 0.000023 0.06 0.05 3 -0.10 0.09 
CO/ME2 0.713856 0.000000 0.13 0.05 2 0.713621 0.000021 0.05 0.04 3 -0.08 0.06 
CO/ME3 0.713875 0.000022 0.42 0.03 3 0.713708 0.000016 -0.06 0.06 3 -0.48 0.07 
CO/ME4 0.713866 0.000014 0.25 0.08 3 0.713648 0.000015 0.03 0.04 3 -0.22 0.09 
CO/D1 0.713505 n/a 0.30 n/a 1 0.713379 0.000008 0.06 0.04 4 -0.24 n/a 
CO/D2 0.713553 0.000029 0.40 0.08 3 0.713481 0.000015 0.05 0.04 3 -0.35 0.09 
CO/D2 
FD 
0.713536 0.000022 0.21 0.07 3        
CO/B2 0.713569 0.000011 0.43 0.03 3 0.713462 0.000025 -0.06 0.03 3 -0.49 0.04 
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Strontium speciation and distribution in natural barite 
 
µ-XRF 
 
  µ-XRF analysis provides micron-scale spatial distribution of major, minor, and trace 
elements. Higher intensities in the µ-XRF image correspond to higher concentration of that 
particular element (Figure 3.5). Micro-XRF analysis of the OK/S6 thin section sample indicated 
that Ba was evenly distributed within the barite grains, consistent with the presence of the barium 
sulfate mineral barite (Fig. 5c). In contrast, Sr was heterogeneously distributed within the barite 
grains (Figure 3.5b). Sr spatial distribution appeared to be divided into two populations: (1) low 
Sr concentrations spatially correlated with Ba, and (2) Sr ‗hotspots‘ that were randomly 
distributed within the barite grains. The dominant Sr-bearing phase(s) associated with these two 
pools of Sr was probed by micro-XRD, described below. Element maps of additional elements 
including iron (Fe), potassium (K), and titanium (Ti) indicated that these elements are not 
spatially correlated with Ba (Figure. 3.5d). These elements are likely present within silicate 
and/or oxide minerals that are incorporated within the barite grains, and therefore were not 
dissolved by the acid digestion procedure used to separate and concentrate barite for isotopic and 
elemental analysis.  
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Figure 3. 5 Reflected light image (A) with 100 µm scale bar, and -XRF maps (at 
the same scale) of sample OK/S6  (processed barite sediment). The map shows the 
intensity of Sr (B) distribution within barite (brighter yellow areas represent 
higher Sr concentrations), Ba (C), and Fe (D). Maximum normalized intensity 
values shown in top right corner on each µ-XRF image. µ-XRF maps were 
normalized by incident X-ray beam intensity (I0). 
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µ-XRD 
 
   Micro-XRD analysis was used to determine the dominant Sr-bearing phase(s) in the two 
pools of Sr observed in the micro-XRF maps (Figure 3.6). The micro-XRD patterns were 
dominated by barite peaks. Given the presence of Sr identified in the -XRF maps, these grains 
are likely a Sr-bearing barite (OK/S6 b, c, d, e, j; Figure 3.6). Previous work has shown that 
barite containing up to 0.007 weight percent Sr in barite has a diffraction pattern that is nearly 
identical to Sr free (pure) barite (Antao, 2012), and hence we cannot differentiate between these 
two phases. In contrast, some micro-XRD patterns collected showed both barite and celestine 
(SrSO4) peaks (OK/S6 a, f, g, h, i; Fig. 6). In cases where the d-spacing value of a given 
diffraction peak overlaps between barite and celestine (e.g., d = 2.75, 3.3, and 3.45 Å), the peak 
is identified as barite as it is assumed to the overall dominant mineral phase present. Unique 
celestine peaks are typically identified based on the presence of diffraction peaks at d-spacing 
values near 3.0, 3.2, and 3.8 Å (Jacobson et al., 1998). The presence of celestine was spatially 
correlated with regions in the micro-XRF maps associated with Sr hot-spots and low 
concentration zones. Although celestine is likely associated with the Sr hot-spots, it is important 
to note that these fine-scale regions overlap and cannot be differentiated here.  
 These results provide evidence that Sr uptake during barite precipitation is dominated by 
two pathways: (1) co-precipitation with barite, and (2) precipitation as a secondary sulfate phase 
(celestine). Although the warm spring solutions are oversaturated with respect to barite, they are 
under-saturated with respect to celestine. Hence, the presence of micron-scale celestine 
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incorporated within the barite grains is a surprising and novel finding, and the mechanism for 
celestine formation and the implications for Sr-isotope fractionation will be discussed below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Discussion 
Precipitation of barite in a continental setting 
 
Figure 3. 6 Micro-XRD patterns for spots a through j identified in Fig. 6 for OK/S6  
(processed barite sediment). Barite (b) and celestine (c) dominated the majority of the 
identified peaks.  Unlabeled peaks are dominated by feldspar, quartz, and dolomite, which 
were added to the epoxy during thin section preparation for increased structural integrity. 
Reference lines for barite (Jacobson et al., 1998) and celestine (Jacobson et al., 1998) are also 
shown. 
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  Subaerial barite precipitation on the continents is rare. Only a small number of modern 
spring sites have been shown to precipitate barite in a continental setting (e.g., Headden, 1905; 
Okamoto, 1911; Younger, 1986; Bonny and Jones, 2003; Elshahed et al., 2003; Senko et al., 
2004; Bonny and Jones, 2007a, b, 2008a, b). Two potential mechanisms for barite formation in a 
continental setting are (1) Ba and sulfide-rich brine reaches surface oxidizing conditions or 
mixes with oxidizing meteoric water resulting in sulfur oxidation and barite formation (Senko et 
al., 2004) and (2) Ba-rich brine mixes with sulfate containing meteoric water to precipitate 
barite. In these brines, Ba is released during alteration of silicate, carbonate, and sulfate minerals 
(Hanor, 2000). Sulfate is supplied either from an oxidized solution (like meteoric water) or from 
abiotic or biological oxidation of sulfur in sulfidic solutions. All three of the studied sites 
precipitate barite from relatively deep-sourced Ba-rich sulfidic spring waters, highlighting the 
importance of sulfur oxidation within the waters as a process for barite formation.   
 Precipitation of barite in the sulfidic, low barite saturation environment characteristic of 
the three studied sites requires not only input of sulfate (via sulfur oxidation, e.g., Senko et al., 
2004), but also a mechanism to concentrate Ba
2+
 via adsorption on mineral faces and/or within 
microbial biomass (Bonny and Jones, 2007b). Concentration of Ba
2+
 to mediate barite 
precipitation is also evident in the marine environment today. Marine (pelagic) barite is thought 
to precipitate in largely under-saturated seawater within microenvironments created by decaying 
organic material enriched in Ba (Paytan and Griffith, 2007 and references therein). Barium is 
concentrated in these microenvironments, inducing marine barite precipitation in mostly under-
saturated seawater.   
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Biologically mediated Ba
2+
 accumulation is thought to be important in establishing 
localized barite supersaturation, and thereby passively induce ―biomediated‖ barite precipitation 
and/or actively ―biomineralize‖ barite (Bonny and Jones, 2007a). Microbial surfaces are 
generally negatively charged due to the presence of carboxyl and phosphoryl groups in the outer 
cell membrane, EPS sheaths, or other layers (Beveridge et al., 1983; Fortin et al., 1998; Bonny 
and Jones, 2007a). At the Utah study site, diatoms are thought to accumulate Ba
2+
 on their cell 
surfaces or within EPS (Bonny and Jones, 2007b). Additional divalent cations such as strontium 
(Sr
2+
) could also be incorporated in the microbial biomass and create Sr-rich microenvironments. 
ESEM images from the biological samples collected from all three sites show the presence of 
microbial biomass (e.g., bacterial filaments, diatoms, see Fig. 2) associated with barite crystals.  
In laboratory experiments without microbial biomass, a high initial barite saturation index 
(~2.9) was required to spontaneously precipitate barite directly from a Ba-rich solution by 
addition of a sulfate-rich solution (i.e., homogeneous nucleation and precipitation) 
(Widanagamage et al., 2014). However in the field sites studied, barite is precipitated in 
solutions with barite saturation index <<1. We hypothesize that heterogeneous nucleation and 
crystal growth could play a larger role in barite precipitation in these low barite saturation state 
natural environments than in high saturation state environments like the laboratory experiments. 
It is clear that the presence of microbes, organic substances, or other minerals plays a major role 
in barite precipitation at all three sites in this study supporting this hypothesis that heterogeneous 
nucleation and crystal growth is an important process. This mechanism is also likely important 
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for barite formation in other settings such as marine hydrothermal environments or the ocean 
water column (e.g., Sanz-Montero et al., 2009; González-Múñoz et al., 2012).  
Diverse barite crystal morphology is seen in the study sites in the continental setting. 
Solution chemistry, ion diffusion rate and crystal growth rate play a role in barite crystal 
morphology during precipitation (Widanagamage et al., 2014). Unlike laboratory conditions, 
these parameters change frequently within the continental setting both temporally and spatially 
(e.g., wet and dry seasons, degassing of deep sourced fluids, turbulent mixing) creating diverse 
crystal morphology. In contrast, marine (pelagic) barite shows uniform crystal size and shape 
suggesting a considerably less variable environment of nucleation and crystal growth for marine 
barite (Paytan et al., 2002).  
Specific crystallinity and morphology of barite crystals have been linked to precipitation 
environment in the continental setting. For example, Bonny and Jones (2007a) identified 
euhedral platy barite crystals as having precipitated at liquid-liquid interfaces and high ionic 
strength solutions, while stellate barite formed at water-air interfaces in barite supersaturated 
solutions. Bonny and Jones (2008a) differentiated barite crystals grown directly from solution or 
nucleated on mineral surfaces (like calcite) as euhedral, tabular and rhombic while barite 
precipitated on microbial cell surfaces and in microbial EPS as subhedral and anhedral 
microcrystals. Our results agree with these previous observations, but the diversity of 
morphologies within each site suggests that identifying a unique barite precipitation environment 
based on crystal morphology is probably an oversimplication of the complex processes occurring 
in most continental settings (Bonny and Jones, 2008b; Widanagamage et al., 2014). 
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Solution chemistry, such as presence of humic substances and other organic compounds, 
divalent cations other than Ba
2+
, and saturation state are also thought to influence crystal growth 
and morphology (e.g., Hennessy and Graham, 2002; Smith et al., 2004) and should be considered 
when studying barite precipitation in the continental setting. For example, spontaneous barite 
precipitation from solution can be prevented by the presence of humic substances or other 
organic compounds, which could be attributed to crystal-growth inhibition due to adsorption of 
organic compounds to the growing crystal surfaces (Smith et al., 2004). Future work could 
explore these potential relationships at the studied sites in more detail as no clear relationships 
between crystal morphology and chemistry were observed within the data set collected for this 
study.  
 
 Incorporation of Sr in continental barite 
Bulk Sr content of barite 
  
 Strontium is incorporated into barite recovered from each field site. The barite sample with the 
highest amount of Sr was at UT/S6 in the middle terrace at Stinking Spring, UT with a value of 
77.54 mmol/mol (Sr/Ba). The second highest was the crust on Zodletone Spring, Oklahoma 
(OK/S6) with a value of 75.9 mmol/mol (Sr/Ba). The lowest Sr contents were all from Doughty 
Springs, CO, which has Sr concentrations in the waters almost an order of magnitude lower than 
the other sites in UT and OK (Table 1). The overall Sr content in continental barite is more 
similar to natural marine barite samples (~30 mmol/mol; Averyt and Paytan, 2003) than the high 
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temperature (40
º
C) experiments reported in Widanagamage et al. (2014), which had the highest 
Sr content of all the experiments yielding values up to 800 mmol/mol for barite precipitated from 
5 mol/mol Sr/Ba solution.  
 In the natural samples measured in this study, the concentration of Sr in barite appears to 
be related to Sr content in the waters, but not Sr/Ba ratios, temperature or saturation state unlike 
barite precipitated in the laboratory. Variable physicochemical and biological conditions within 
microenvironments where barite precipitates likely control the partitioning of Sr within the 
growing barite crystals. The importance of Ba accumulation on organic material and within EPS 
is apparent from the clear association of barite crystals and microbial biomass (Fig. 3.2), and the 
lack of a significant relationship between solution and barite chemistry (e.g., Sr/Ba ratios), which 
is theoretically expected and predicted from experimental data.    
   
Micro-scale Sr heterogeneity  
 
 At the micron-scale, Sr content is heterogeneously distributed within the barite 
microcrystals for the one natural sample examined (OK/S6) and likely for the other natural 
samples. Furthermore, celestine is present in the natural sample (Fig. 3.5) despite being under-
saturated in the waters (Table 1). Carbonates enrich Sr relative to Ba with weight ratios in excess 
of 1000 and are thought to influence the precipitation and occurrence of celestine in the geologic 
record (Hanor, 2000). On the micron-scale, carbonate precipitation and dissolution could serve 
as a mechanism to create heterogeneous nucleation environments resulting in precipitation of 
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celestine nucleating on the carbonate. Carbonate minerals are observed in the SEM images of 
unprocessed sediment samples (Fig. 3.2) as all sites are supersaturated with respect to calcite, 
aragonite and dolomite. Altogether, the presence of celestine supports the hypothesis that many 
of the barite crystals precipitating in the continental setting nucleate heterogeneously and their 
growth is influenced by formation of microenvironments within the larger depositional setting. 
These microenvironments are highly dynamic being influenced by changes in physical and 
chemical parameters due to the hydrologic setting and possibly more importantly by the 
organisms that live there.  
Source of Sr in barite 
 
Radiogenic 
87
Sr/
86
Sr ratios of barite should indicate the source of Sr in the precipitated 
barite (Paytan et al., 2002). The 
87
Sr/
86
Sr ratios measured in the barite samples were similar but 
not identical to the measured spring and discharge water 
87
Sr/
86
Sr ratios at the same sampling 
locations. All barite 
87
Sr/
86
Sr ratios were significantly less radiogenic than the water 
87
Sr/
86
Sr 
ratio (except OK/S1). For example, in Oklahoma, barite from the creek (
87
Sr/
86
Sr = 0.710127) is 
significantly less radiogenic than creek water (
87
Sr/
86
Sr = 0.710208) and spring water (
87
Sr/
86
Sr = 
0.710276). This implies that the source of Sr in the barite was from a mixture of the spring 
waters and a less radiogenic component. One explanation is that radiogenic spring water may 
mix with less radiogenic meteoric water to various degrees throughout the year in the creek. This 
could lead to barite precipitates that presumably precipitate throughout the year being less 
radiogenic than the water collected during the summer when rainfall was exceptionally low. 
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Meteoric water is likely less radiogenic than the Zodletone Spring water since underlying 
Cambro-Ordovician carbonate rocks have lower 
87
Sr/
86
Sr (
87
Sr/
86
Sr = 0.70890 to 0.70919; Land 
and Elmore, 1995) values than the spring water (
87
Sr/
86
Sr = 0.710276). The creek water (
87
Sr/
86
Sr 
= 0.710208) was also less radiogenic than the spring water during the summer field work 
supporting this hypothesis. At times when rainfall is low, the water is probably more radiogenic 
than at other times when meteoric water dilutes the radiogenic spring water to a greater extent.  
 In Utah and Colorado, barite was similarly less radiogenic than the waters collected. 
Mixing of radiogenic spring water with less radiogenic Sr sources or meteoric water may also 
explain the differences at these sites. Altogether this suggests variable sources of Sr to the 
precipitating barite, both spatially and temporally, and an integrated barite geochemical signature 
for the sediment sampling methods used in this study. Sampling of water throughout the year 
(i.e., at different seasons) is required at each site to understand fully if spatial variations in water 
chemistry throughout the year could explain the measured barite values. 
Processes controlling stable Sr-isotope fractionation in continental barite 
 
  The apparent Sr-isotope fractionation seen in this study (Fig. 3.4) is generally similar in 
magnitude to both that measured in experiments that are kinetically influenced, and calculated 
theoretically under equilibrium conditions (Widanagamage et al., 2014). There does not appear 
to be a unique, biologically influenced Sr-isotope fractionation in the natural samples measured 
in this study. However the controls on the Sr-isotope fractionations seen in the experiments (i.e., 
saturation state and temperature influencing Sr distribution coefficients and Sr-isotope 
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fractionation) are not controlling the Sr-isotope fractionations measured in the natural samples. 
Several processes (e.g., mineralogy, equilibrium temperature effects, precipitation rate or kinetic 
effects influenced by saturation state or microbial biomass) could influence Sr-isotope 
partitioning between phases and will be explored in the sections that follow. 
Mineralogy control 
  The barite crystals (solid phase) had the lowest 88/86Sr values of any of the samples 
measured in this study, although some water samples had lower 88/86Sr values than other barites 
precipitated at field sites that had higher water 88/86Sr values (Fig. 3.3). It has been shown both 
experimentally and theoretically that barite precipitated from solution enriches the light Sr-
isotopes preferentially (Widanagamage et al., 2014). In equilibrium calculations that 
approximate Sr-isotope fractionation between solution and solid mineral phases, barite is the 
isotopically lightest phase modeled (Schauble and Griffith, 2011; Widanagamage et al., 2014). 
Strontianite (SrCO3) shows little to no fractionation of stable Sr-isotopes from ‗solution‘, and 
celestine (SrSO4) is between strontianite and barite (Widanagamage et al., 2014).     
 Diffraction data shows that the dominant Sr-bearing phase in the sample tested is Sr-
bearing barite. However, celestine peaks were identified at some spots in the sample changing 
the local Sr coordination environment and likely the partitioning of Sr-isotopes. This is because 
different Sr-bearing phases have different fractionation factors suggested by the calculated 
theoretical equilibrium fractionation factors (Schauble and Griffith, 2011; Widanagamage et al., 
2014) and data collected to date (Fig. 3.3). Changes in local coordination environment, due to the 
presence of multiple Sr-bearing phases within the samples, will affect the bulk Sr-isotope 
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signature and apparent isotope fractionation between solid and solution if the Sr-isotope 
fractionations are very different between the phases and a significant amount of Sr is in more 
than one phase. This is expected to be the case for samples with barite and celestine as described 
below.  
 The isotopic difference due to equilibrium effects between celestine and barite (at 25ºC) 
is approximately 0.20‰, with celestine being less fractionated from solution than barite 
(Widanagamage et al., 2014). Using this estimate, the minimum amount of celestine (SrSO4) that 
would result in a measurable difference (of at least 0.7‰) in the isotopic composition of the bulk 
sample relative to a ‗true‘ barite value is only 4 mol % celestine (assuming pure celestine as one 
end member and barite with 7.6 mol % Sr – the value measured in OK/S6 sample as the other 
end member). However celestine is likely not pure and probably contains Ba (and other cations) 
since it forms in solid solution with barite (Hanor, 2000). So this is an estimate of the minimum 
amount of celestine that would affect the bulk Sr-isotope measurement. Nonetheless, this back-
of-the-envelope calculation suggests that celestine, if present, should influence bulk Sr-isotope 
measurements if the Sr-isotope fractionation is very different from barite as suggested by 
equilibrium theoretical calculations. 
Physicochemical controls 
 
  Equilibrium temperature isotope effects indicate reduced Sr-isotope fractionation at 
higher temperatures, while kinetic isotope effects would result in larger Sr-isotope fractionation 
at higher temperatures if this increase in temperature affects crystal growth [see discussion in 
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Widanagamage et al. (2014)]. However, water temperatures measured during field work were 
not significantly related to apparent Sr-isotope fractionation. There is no relationship between 
temperature and saturation state but there appears to be a relationship between temperature and 
barite Sr/Ba. However the locations of samples from high temperature waters are from field sites 
that have high water Sr concentrations, and this is likely the cause of the higher Sr/Ba ratios in 
barite and not the increased temperature. It should be noted, however, that Sr/Ba ratios in water 
are not related to Sr/Ba in barite suggesting that microenvironments have Sr/Ba ratios different 
from the waters, and these microenvironments likely control barite Sr/Ba ratios. No measured 
physical or chemical parameter is significantly correlated with barite Sr/Ba, except at Middle 
Spring (Doughty Springs, Colorado), which has a significant relationship between barite Sr/Ba 
and sulfate concentrations. Furthermore a significant relationship exists between temperature and 
88/86Sr of barite but it is not as strong as the correlation between temperature and barite Sr/Ba 
suggesting that if temperature is important in partitioning of Sr in barite it is not controlling Sr-
isotope fractionation. 
 During controlled experiments, barite saturation state was found to influence the 
partitioning of Sr in barite and the Sr-isotope fractionation, indicating a kinetic control on Sr-
isotope fractionation from supersaturated solutions (Widanagamage et al., 2014). However, in 
this study, barite (or celestine) saturation state was not related to measured barite Sr/Ba ratios or 
Sr-isotope compositions and thus does not control the Sr-isotope composition. The barite 
saturation state in the natural waters was much lower than that for the abiotic laboratory 
experiments, which probably limits its homogeneous precipitation from solution (which is the 
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hypothesized mode of precipitation in the controlled experiments). This supports the hypothesis 
that Ba is concentrated in microenvironments within organic material or on mineral surfaces 
effectively raising the saturation state of barite locally, and resulting in barite precipitation in 
natural waters. 
 Sr/Ba in barite is inversely related to 88/86Sr in barite (and apparent Sr-isotope 
fractionation), but there is no clear physical or chemical control across all field sites (Fig. 3.7). 
This correlation is opposite to the relationship expected if the higher Sr/Ba ratios in the bulk 
samples were related to increases in the amount of celestine in the sample (which should be 
theoretically less fractionated from solution than barite). Instead, we suggest that Sr partitioning 
in barite is related to conditions within the microenvironments where we hypothesize barite 
precipitates in natural waters. There is a large spread in apparent Sr-isotope fractionation values 
versus barite Sr/Ba ratios (Fig. 3.7) supporting the hypothesis that in the natural continental 
setting the microenvironments where barite precipitates are highly variable.  
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Figure 3. 7(a) Sr/Ba ratios (mmol/mol) vs. stable Sr-isotope composition measured in natural 
continental barite samples, and (b) vs. apparent Sr-isotope fractionation (∆88/86Sr = δ88/86Srbarite - 
δ88/86Srwater) relative to SRM 987. Stinking Spring, Utah (gray triangles), Doughty Springs, 
Colorado (Middle Springs = solid squares; Drinking Spring = open squares; Bathtub Spring = 
gray square), Zodletone Spring and Stinking Creek, Oklahoma (open diamonds). Error bars are 
2SD of replicate analyses on the MC-ICPMS. 
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Biochemical controls 
  Barite precipitation in association with biological material is hypothesized to be 
an important process at all three of the study sites in the continental setting. Few studies have 
been done to investigate the potential influence of bio-induced mineralization on isotope 
fractionation of similar alkaline earth metal isotope systems. Magnesium (Mg) isotope 
fractionation during hydrous Mg carbonate precipitation in a lacustrine system has been 
investigated in detail both in the lab and in the field (Shirokova et al., 2013). Although 
cyanobacterial photosynthesis was deemed to be necessary to induce mineralization by 
increasing solution pH, increasing fluid saturation state, and potentially providing nucleation 
sites, the presence of biofilms and other heterotrophic bacteria had an insignificant effect on the 
overall Mg-isotope fractionation factor compared to trends observed in laboratory results 
(Shirokova et al., 2013 and references therein). Results presented in this paper suggest a similar 
conclusion can be drawn for Sr-isotope fractionation during bio-induced mineralization of barite 
- that the presence of biological material although critical for precipitation of barite in the natural 
system have an insignificant effect on the overall Sr-isotope fractionation factor compared to 
trends in isotopic fractionation seen in abiotic experiments in the lab. 
 
 
 
 
 125 
 
 Conclusions 
 
 Continental barite examined in this study was significantly depleted in the heavy stable 
isotopes of Sr relative to the water from which it precipitated, with an apparent Sr-isotope 
fractionation between barite and solution ranging from ∆88/86Sr = ~0.0 to -0.6‰ under various 
conditions. This apparent Sr-isotope fractionation was generally similar in magnitude and 
direction to both measured synthetic barite samples and calculated values for equilibrium 
conditions (Widanagamage et al., 2014). Neither temperature nor saturation state controlled Sr 
partitioning or apparent stable Sr-isotope fractionation during barite precipitation for all three 
sites. Relationships between water and barite chemistry measured in this study are not apparent 
suggesting that barite does not precipitate directly from solution (i.e., homogeneously), but 
heterogeneously on microbial biomass or mineral surfaces. We hypothesize that microbial 
biomass in the natural continental setting creates microenvironments which changes the 
physicochemical parameters, thus locally influencing stable Sr-isotope incorporation during 
barite precipitation. Negatively charged microbial surfaces are likely important in concentrating 
Ba (and Sr) in continental settings where barite saturation state is low, but nonetheless barite 
precipitation occurs. Future work is necessary to carefully study the dynamics of the 
microenvironments in order to understand the factors influencing stable Sr isotope fractionation 
during barite precipitation in low saturation state environments. Furthermore, evidence for the 
presence of celestine in addition to Sr-bearing barite at the micron scale suggests that formation 
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of celestine will also exert a strong control on apparent stable Sr-isotope fractionation in the 
continental setting if present in sufficient quantities. 
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CHAPTER 4 
PETROLOGY AND TEXTURAL CHARACTERIZATION OF RELIC  
BARITE TUFA DEPOSITS AT MINERAL SPRINGS  
(Manuscript to be submitted to Sedimentary Research) 
 
Abstract 
 
 Mixing of sulfate rich fluids with barium rich fluids leads to the occurrence of barite 
(BaSO4) in abiotic or microbially mediated environments (e.g. Senko et al., 2004; 
Widanagamage et al., 2015). In this study, three artesian spring sites in continental settings were 
investigated where barite precipitation is biologically mediated (e.g. Senko et al., 2004). 
Microbial biomass or mineral surfaces provide substrates to precipitate barite, and microbial 
processes control barite precipitation either directly or indirectly. Solution chemistry, rate of 
solute diffusion, rate of barite precipitation could be affected by diverse weather conditions (e.g. 
high rainfall vs. low rainfall periods occurring in these precipitation environments).  
 Eight tufa samples were collected and thin sections were prepared for petrographic 
analyses. The barite in these tufa formations are formed diagenetically (e.g. Bonny and Jones, 
2007b) and they are called ‗diagenetic barite‘. The presence of barite in tufa samples was 
identified based on ESEM-BSE imaging with EDAX facility. ESEM-EDAX point analyses 
provide information on elemental compositions of these crystals and Sr, Ba, S, and O peaks were 
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identified in tufa samples from Oklahoma which suggests the presence of barite in tufa.  
 Morphologies of barite in tufa samples from these sites are different from barite 
morphologies of crystals separated from unconsolidated sediments. Based on crystal 
morphology, barite in tufa may have been formed as a result of recrystallization of existing tufa 
or from the fluid interaction/ spring water percolation (pore-fluids) into the tufa. Dissolution of 
tufa could occur via microbial processes (e.g. sulfate reducing bacteria) (Baldi et al., 1996; Hyun 
et al., 1999). The chemistry of these fluids may potentially vary with changes in mixing of 
meteoric, ground and pore waters. These changes could also control rate of barite precipitation in 
tufa samples. Saturation index of barite was calculated by using following equation; Saturation 
Index= log IAP/Ksp where IAP= Ion Activity Product; Ksp= Solubility constant 
  
Introduction 
 
 Barite is a highly stable and widely distributed mineral. However, barite dissolution could 
occur in the presence of sulfate reducing bacteria (Baldi et al., 1996; Hyunn et al., 1999). Barite 
is more abundantly found in sedimentary rocks than in metamorphic and igneous rocks. Barite 
usually forms with calcite and other carbonate minerals (Younger 1986). Barite precipitation is 
thought to be microbially mediated in marine and continental habitats (e.g., marine cold seeps, 
upper water column of lakes and oceans) (Riedinger et al., 2006; Senko et al., 2004; Elshahed et 
al., 2003). Decaying plant materials along the ocean/water column in marine environments 
releases barium to marine water, which could trigger barite precipitation (Jewell, 2000). 
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Seawater is also under-saturated with respect to barite (Dehairs et al., 1980), marine diatoms are 
commonly enriched in barium. Barium enrichment is seen in organism who use diatoms as their 
food source (Bonny and Jones, 2007b). This indicates that diatoms can become enriched in 
barium while alive, presumably through bioaccumulation (cf. Neff, 2002). Diatoms accumulate 
barium into their frustules, which could be another source of barium to precipitate barite. In 
continental setting, sulfide oxidizers provide sulfate, which enhance barite precipitation. Diatoms 
in continental setting accumulate barium, which also can lead to barite precipitation.
 Mineral deposits, formed in spring flow paths are referred as tufa (Bonny and Jones, 
2008b). Usually, tufa deposits are found in warm water spring premises. Sulfate minerals (for 
example barite) are seen in these tufa formations in addition to carbonates and elemental sulfur 
depending on fluid composition and concentration. There are few warm water spring sites in 
United States where significant barite precipitation is recorded (Bonny and Jones, 2008b). Since 
barite is a highly stable mineral, it is probably common to find in travertine/tufa deposits near 
sulfide rich spring sites. Tufa deposits can be eroded at a slower rate than the tufa precipitation 
rate (Bonny and Jones, 2008b). Erosional cavities in these tufa deposits could provide substrate 
for primary and/or secondary barite crystal precipitation. These barite crystals in tufa may have 
been formed because of the presence/intrusion of sulfate and barium rich fluids (precipitation 
from pore-fluids) in these cavities in tufa and/or microbial processes could do re-precipitation of 
barite in tufa samples (e.g. sulfate reducing bacteria/ degradation of diatoms/ presence of sulfide 
oxidizers) (Younger, 1986; Senko et al., 2004; Bonny and Jones, 2007b, 2008b; Widanagamage 
et al., 2015).  
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 The barite texture in these tufa deposits from the field sites (Zodletone spring-Oklahoma, 
Stinking Springs-Utah, Doughty Springs- Colorado) gives an opportunity to understand the 
changes in barite crystals during diagenesis. Tufa samples were collected from three selected 
mineral springs at continental setting to characterize petrology and textural features of tufa 
barite. This paper explains the petrographical characteristics of barite tufa samples and describes 
the barite tufa litho-types at warm water spring sites in continental settings.    
Geological setting 
 
 Zodletone Spring (Oklahoma, U.S.A.) is a sulfide rich warm spring that feeds a small 
tributary brook (~20 m long), which flows into the southern bank of Saddle Mountain Creek in 
Anadarko Basin, southwestern Oklahoma. It is located at the boundary between the Cambro-
Ordovician Slick Hills and flat-lying Permian clastic and evaporite rocks. Barite has been found 
along with other minerals such as calcite, quartz within Pleistocene stream alluvium, as well as 
in seasonal whitish streambed sediments (Senko et al., 2004).   
 Stinking Spring (Utah, U.S.A.) emerges through the normal faulted Mississippian 
Lodgepole Limestone Formation, which outcrop as cliffs and ledges north of the Great Salt Lake 
on the south of Little Mountain in the Wasatch Mountain Range (Bonny and Jones, 2007b). 
Thick microbial mats are associated with cyanobacteria and sulfate reducing bacteria were 
observed at this site (Bonny and Jones, 2007b).  
 Doughty Springs (Colorado, U.S.A.) are located in the Jurassic to Lower Cretaceous 
Dakota Formation in north Fork of Gunninson River and they are sulfide rich warm water 
 131 
 
springs. Mineral precipitations along with biological streamers are observed. Geology of the 
region is complex due the intrusion of tertiary volcanic rocks that comprise the San Juan 
Mountains to the south and West Elk Mountains to the east of the study area. Cadigan et al. 
(1976) suggested that these volcanic rocks may exist at relatively shallow depths as evidenced by 
sulfide rich, 40-50°C water in C.R. Chin well in the Gunnison River valley.    
Geochemistry of the study sites 
 
 All three springs are bubbling continuously and expelling an astringent smell of hydrogen 
sulfide (H2S; sulfide concentration varies from below the detection limit of colorimeter (HACH) 
(0.01mM) to 4.24 mM (Widanagamage et al., 2015). Younger (1986) suggested that the 
Zodletone Spring water represents a mixture of deep basinal brine and shallow groundwater. The 
origin of these Ba-rich and sulfate rich pore-fluids could be the mixture of deep brine solution 
ejected from Anadarko basin and the spring water. The brine is ejected from deep (>1500 m) 
within the Anadarko Basin along with petroleum, which is found in seeps in the vicinity. Spring 
water chemistry is anomalous compared to surrounding waters (Havens, 1983). Spring water is 
supersaturated with respect to barite in all three sites (e.g. Zodletone Spring, saturation index of 
barite, 1.49) (Widanagamage et al., 2015). In other two sites (Utah and Colorado), surface water 
percolate through the tufa rocks. Barium and sulfate ions rich waters (pore-fluids) could get into 
these porous tufa rocks and could precipitate barite in along the cavities.  
 Carbonate minerals (e.g. calcite, dolomite), quartz, feldspars are supersaturated in these 
waters.  During the field work in summer 2011, the source waters of the springs ranged in 
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temperature from 16.5˚C (Colorado – Middle Springs) to 44.2˚C (Stinking Spring, Utah) 
(Widanagamage et al., 2015). The source (spring) waters are classified as sodium-chloride type 
in Oklahoma and Utah, and sodium-bicarbonate to sodium-chloride type in Colorado 
(Widanagamage et al., 2015) with conductivity measurements as high as 62 mS/cm in Utah and 
as low as ~5 mS/cm in Colorado. Barium concentration ranges from 0.001 mM to 0.409 mM and 
sulfide concentrations range from 0.003 mM to 4.280 mM for all three sites (Widanagamage et 
al., 2015). 
Biology of the study sites 
 
 Zodletone Spring wall is characteristically lined up with purple sulfur bacteria colonies 
(Younger, 1986; Elshahed et al., 2003; Senko et al., 2004). This setting provides a continental, 
surficial environmental in which anaerobic, anoxygenic, phototropic bacteria (i.e., purple and 
green sulfur bacteria) oxidize sulfide to sulfate, mediating barite precipitation (Senko et al., 
2004).  
 Stinking Spring flowpath is biologically diverse. Mineral precipitation is associated with 
diatoms, cyanobacteria and sulfide reducing bacteria (Bonny and Jones, 2008b). 
Bioaccumulation of barium by diatoms is directly responsible for barite precipitation in and 
around degrading diatom frustules (Bonny and Jones, 2007b). Diatoms accumulate barium into 
their negatively charged extra cellular polysaccharides (EPS) which triggers barite precipitation 
and cyanobacteria support barite precipitation as well providing substrate. Stinking Spring 
diatoms tolerate high levels of barium (Bonny and Jones, 2007 b). Also barium bioaccumulation 
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and adsorption to diatom EPS is essential to primary barite precipitation in the mineralizing 
microbial mats. The abundant diatom type in Stinking spring is Nitzschia sp. and it shows high 
porosity compared to other diatom species. This could result in loss of bioaccumulated barium 
prior to barite precipitation (Bonny and Jones, 2007). Laboratory experiments have shown that 
only 2-4 % of diatom bioaccumulated barium is precipitated as barite, while the remainder is 
dispersed into solution (Ganeshram et al., 2003).  
 Less information is reported on biologically mediated barite precipitation at Doughty 
Springs, Colorado.  However, diatoms and biological streamers have been identified in the spring 
system at Doughty, Colorado (Younger, 1986; Widanagamage et al., 2015). These microbial 
organisms should actively contribute to control rate barite precipitation in Doughty Springs, 
Colorado. 
Types of barite tufa deposits from study sites 
 
 Three types of barite tufa/travertine deposits from Zodletone Spring site, Oklahoma have 
been recognized and characterized in a previous study (Younger, 1986):   
1) Unconsolidated barite travertine- This barite litho-type represents the occurrence of barite in 
inner and outer surfaces of tubules as isopachous coating. This texture occurs under phreatic 
conditions where system is 100% saturated with water. Some other crystals show no crystal 
terminations and represent pendent texture. This texture occurs under vadose (both air and water 
present in pores) conditions. Some cavities show drusy barite crystals and many fringes contain 
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―growth lines‖ which are delineated by lines of organic matter inclusions through adjacent 
crystals. Further, final coat of micritic calcite is seen on the surface of some of the barite fringes.  
2) Barite coated calcareous tufa- Calcite is the major mineral in this litho-type - Phreatic barite 
crystals in this deposit comprise 0.1 mm thick acicular isopachous fringes. Vadose pendent 
textures are also present often. Micrite replaces organic matter and stalactitic calcite material is 
coating these laths.  
3) Indurate mature barite travertine- Barite in this litho-type shows zonation and euhedral 
crystal edges. This tufa records the coarsest and most beautifully developed barite crystals seen 
in any deposits. Medium to coarse grained barite euhedra arranged in strong laminae are seen in 
these deposits. Chevron zoning in barite is also very distinctive in these deposits. Classic vadose 
textures are seen in the form of concentrically zoned pendent barite.   
  Weakly radioactive diagenetic barite was found from relic tufa in Stinking Springs, Utah 
(Bonny and Jones, 2007b). Tufa samples contain pore-filling barite cements. Relic tufa samples 
collected from this location are barite rich and contain up to 20% of barite by volume (Bonny 
and Jones, 2007b). Relic tufa underlying Stinking Spring is composed of 80-98% calcite, but 
locally contains weakly radioactive pore-filling prismatic and tabular diagenetic barite cements. 
Most of this barite is found either as isopachuous pore-filling cements or as subspheroidal 
clumps. Barite forms as bundles and fringes (Bonny and Jones, 2007b). Thin sections of tufa 
samples from Stinking Springs have shown localization of barite as pore-filling precipitate (Bove 
and Felmee, 1982). Thick microbial mats in the discharge path of the Stinking Springs, Utah are 
volumetrically dominated by diatoms, cyanobacteria and sulfide reducing bacteria. Bonny and 
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Jones (2007b) concluded that barite formed diagenetically in tufa pore space and not by direct 
precipitation from spring water. Interpretation of this barite as ‗diagenetic‘ is supported by its 
increasing abundance in older tufa, its spatial correlation with ground water seeps, its 
crystallographic distinction from stellate barite precipitation directly from spring water, and its 
isopachous arrangement in pore space (Bonny and Jones, 2007b). The amount of barite deposited 
in the tufa varies as a function of tufa porosity, permeability and proximity to spring vents and 
ground water seeps (Bonny and Jones, 2007b). Stubby, rounded prismatic crystals found lining 
diatom frustules and impregnating diatom EPS at Stinking Spring are similar in size and 
morphology to ovoid and prismatic marine barite crystals (Bonny and Jones, 2007b).       
 Tufa deposits found in Doughty Spring, Colorado contain mostly CaCO3 but commonly 
contain Sr, Mn, Sc, Be, Mg and locally contain significant amount of Ba and Fe (Younger, 
1986). This is usually a resistant but very porous and laminated rock (Younger, 1986).   
   
 
Methods 
 
 Representative tufa samples were collected from each study site during summer 2011. 
These tufa samples were found in abandoned drainage paths at or nearby the spring site. Most of 
these samples are highly porous and very fragile. Therefore, it was challenging to cut sections to 
prepare thin sections.  However, eight thin sections were prepared representing all three sites in 
the rock cutting laboratory, Kent State University. Mineralogy of the samples was determined 
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using optical properties of the minerals in the samples and micro X-ray Diffraction technique 
(for sample from Oklahoma) published in Widanagamage et al. (2014). Rock samples were cut 
into two pieces (2 inch by 1 inch). These pieces were dried in a dry cabinet more than 24 hours. 
Epoxy and the hardener were mixed together with a ratio of 5:3. Molds were wet with releasing 
agent before adding the epoxy mixture in the mold. Epoxy mixture was poured into molds in 
small quantities and the tufa specimen was dipped in. Each of these specimens was vacuumed 
three times and kept in the vacuum (100-600 mmHg) for 24 hours. Unnecessary epoxy was 
removed using a blade. Samples were ground and polished until cutting striations were no longer 
observed. The samples were glued to clean glass slide slowly to prevent gas bubbles from being 
trapped between sample and the glass slide. Ultra Violet (UV) light was used to fix the glue on 
the sample to slide very well. Long Wave (LW) UV was used for 8 minutes followed by Short 
Wave (SW) UV for 8 minutes. These thin sections were imaged under petrographic microscope 
at Kent State University and all were imaged using an environmental scanning electron 
microscope (ESEM) Quanta 200 (FEI Corporation) with an energy dispersive system (EDS) at 
the University of Akron. Energy dispersive analysis x-ray (EDAX) was used to separate the 
characteristic x-rays of different elements into the energy spectrum to determine element 
abundance and grain composition. Back-scattered electron (BSE) images also facilitated 
discrimination between barite and any other minerals or potential contaminants. For ESEM 
analysis, thin section was gridded and imaged. Mineral barite is recognized after interpreting 
EDAX spectrum of the crystals. Imaging and EDAX analysis was performed in low vacuum 
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mode (0.6 Torr) with an acceleration voltage of 30 kV, spot size 4 - 4.5 nm, and working 
distance typically 10 mm.   
 Results 
 
 Barite crystals from unconsolidated sediments show diverse crystal morphology 
(Widanagamage et al., 2015) and it is different from what I have observed for tufa barite crystals. 
Barite crystals in these tufa samples are generally lager and appear as clusters or bundles. 
Usually, most of barite crystals occur at erosional cavities as cavity filling materials (e.g. 
isopachous texture) suggesting that they are resulting from either recrystallization process or 
precipitating from secondary fluid.   
Zodletone Spring, Oklahoma  
 
 Tufa samples from Zodletone Spring site in Oklahoma show elongated, euhedral barite 
crystals growing outward from the tufa matrix. These samples show similar textures and 
petrography, which have been described in Younger (1986). Isopachous texture and laths of 
recrystallized (elongated) barite crystals are identified (Figure 4.1). These are 0.05 mm to couple 
of centimeters long and euhedral. Tufa matrix consists of fine grained micritic materials and 
clays. Barite crystals and clusters are seen inside the patches/cavities (Figure 4.1). Some of the 
barite crystals have euhedral crystal terminations while others have anhedral crystal terminations. 
Some of the barite crystals show zonation (Figure 4.1) which is called ‗Chevron Zoning‘. 
Concentric growth rings of barite are recognized as this zonation pattern in barite crystals. These 
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bands of zonation represent fine-scale compositional bandings, which are resulted from minor 
variations in trace elemental abundance along barite crystal growth axes (Bonny and Jones, 
2008). ESEM-BSE imaging of tufa sample from Zodletone Spring site shows that barite is the 
major mineral in tufa sample (more than 90% of barite by area) (Figure 4.2 and Appendix 4.1). 
Barite crystals are arranged as clusters and/or well-arranged stacks (Figure 4.2). These crystals 
have well defined euhedral, bladed crystal shapes and they can be categorized as ‗matured barite 
crystals‘ (Younger, 1986).  
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Figure 4. 1 Petrographic image (under cross polarized light) of tufa sample collected near 
Zodletone Spring, Oklahoma.White-bright and/or gray color crystals are secondary precipitated 
barite crystals (yellow arrows). Barite crystals are associated with other minerals (e.g. calcite, 
quartz). Micritic matrix shows in brownish- fine grain material. Scale bar represent 0.05 
mm.Chevron zonation is denoted by a circle. 
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Figure 4. 2 Barite crystals (all bright-white crystals) are in tufa sample, Zodletone Spring 
site, Oklahoma under ESEM-BSE imaging. More than 90% of barite crystals are seen in the 
rock/tufa sample near wall of the spring. Element identification was performed using 
EDAX. These crystals were identified as barite using EDAX facility at ESEM. Circle in the 
LHS image (scale bar represents 50 µm) is the area that enlarged and shown in RHS image 
(scale bar represents 10 µm). 
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Figure 4. 3 Petrographic image (under cross polarized light) of a tufa sample collected from 
Stinking Spring, Utah. Micritic calcite and sparry calcite crystals (marked with letter ‗C‘) 
are in the matrix while barite crystals (marked with letter ‗B‘) are appear in gray color. 
Scale bar represents 0.3 mm. 
 
 
 
 
 
 
 
 
 
 
Stinking Spring, Utah 
 
 Tufa samples were collected from an old-dried streamlet near the middle terrace in Utah 
site (Bonny and Jones, 2007; Widanagamage et al., 2015). Carbonate minerals are found 
dominantly in tufa samples near Stinking Spring, Utah. Nearly 2% of thin section consists of 
barite crystals (Figure 4.3).  Barite crystals are 1-3 µm in size and they are well formed-
elongated barite crystals in the matrix of carbonate minerals. Barite crystals (bright-white 
crystals) are found as clusters (Figure 4.4 a and b).  
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Doughty Springs, Colorado 
 
 Thin sections of tufa samples from Doughty Springs show higher amount of barite 
compared to the amount of barite in Utah site. Barite crystals (~5%) are gray-brown color 
crystals are embedded in micritic carbonate matrix. Barite crystals are subhedral to anhedral and 
seen as clusters and 0.2-0.5 mm in size (Figure 4.5). Re-crystallization of barite is seen at or near 
Figure 4. 4 ESEM-BSE images of tufa samples collected from Stinking Spring, Utah. a. 
patchy white color barite crystal clusters b. Elongated white color crystals are barite 
crystals and form in clusters (~70-80%) (enlarged spot from a) .   
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cavities in tufa samples (Figure 4.6). 
 
 
 
 
 
 
 
 
Figure 4. 5 Petrographic images (under cross polarized light) of tufa samples from 
Doughty Springs, Colorado. Barite crystals are denoted by white arrows. (Barite is 
seen near the edges of the primary matrix.  
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Figure 4. 6 ESEM-BSE images (a,b,c,d) of tufa samples from Doughty Springs, Colorado. 
White crystals are barite crystals (~5%) and it is not highly abundant in this field site. Matrix 
consists of carbonate minerals, silicates (e.g. quartz and clay minerals).    
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Figure 4. 7 EDAX spectra for barite crystals in thin sections of tufa sample from Oklahoma, Utah and Colorado. 
Ba= barium, O= oxygen, S=sulfur, Ca= calcium, C=carbon, Na=sodium, Sr=strontium, Si=Silicon. Height of the 
peak represents intensity of elemental peaks  
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Discussion and Conclusions 
  
In continental settings, biological activities potentially control the barite 
precipitation (e.g. Younger, 1986; Elshahed et al., 2003; Senko et al., 2004; 
Widanagamage et al., 2015). Morphology of barite crystals depends on the solution 
chemistry, temperature, crystal growth rate, diffusion rate of solutes (Shikazono, 1994; 
Kowacz et al., 2007; Widanagamage et al., 2014). Barite crystals from unconsolidated 
sediments in continental settings show diverse crystal morphology, which could be 
because larger variations in solution chemistry compared to the marine or hydrothermal 
barite precipitation conditions, where more uniform solution chemistry exist through time 
(Paytan et al., 2003, Bonny and Jones, 2007b, Widanagamage et. el., 2015). Barite in tufa 
samples shows diverse crystal morphology as well, depending on mechanism of barite 
precipitation (e.g. primary barite from immediate solution, secondary barite from pore-
fluids, dissolution and re-precipitation via microbial processes). The presence of 
microbial communities could change the local saturation environments, which influence 
changes barite precipitation rate, solution chemistry, crystal morphology (Widanagamage 
et al., 2015).   
Euhedral and platy barite crystals in tufa are typical of barite precipitated at 
liquid/liquid interface but high ionic strength solutions and the presence of divalent 
cations other than barium, promotes growth of prismatic rather than tabular crystal forms 
(Henessy and Graham, 2002). Polyhedral and rhombic barite crystals in tufa are also 
more common with increasing supersaturation (Su et al., 2002; Wagner et al, 2005). 
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Barite crystal morphology in Stinking Spring tufa represents precipitation from pore 
fluids, whose chemistry varies with fluctuating mixing ratios of meteoric, ground and 
pore waters. Changes in solution chemistry could potentially cause changes in rate of 
solute diffusion, rate of crystal growth. This could result barite crystal morphology 
diverse. Euhedral, well-defined edges of the barite crystals in the tufa indicate that they 
are formed under super saturated environment with respect to barite (Younger, 1986). 
However, the dentate, anhedral barite crystal morphology also in the tufa indicates 
dissolution/re-crystallization of barite. Barite is a stable mineral but microbial activities 
(e.g. sulfate reducing bacteria) could break down barite, which leads to barite dissolution 
(Bolze et al., 1974; Baldi et al., 1996; Hyun et al., 1999).   
Barite crystals in tufa have formed either by direct precipitation from immediate 
solution (mixing of barium rich solution with sulfate rich solution) or by dissolution/ re-
crystallization process of existing barite. Microbial activities could potentially control the 
dissolution of barite (e.g. sulfate reducing bacteria) (Baldi et al., 1996, Hyun et al., 1999). 
Tufa samples could be inundated in spring water or meteoric water through time, which 
could trigger formation of erosional cavities (Figure 4.1 and 4.2) via chemical and 
physical weathering processes and/or dissolution of barite or other minerals via microbial 
processes (e.g. sulfate reducing bacteria could control barite dissolution). Clay minerals 
and carbonate minerals (micrite) could be recognized as the cementing materials in most 
of these tufa samples (e.g. Stinking Spring, Utah). Chemical weathering of carbonates in 
tufa deposits makes the porosity, which may also result isopachous texture where 
secondary barite precipitation could occur along surfaces of the erosional cavities (Bonny 
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and Jones, 2007b). These processes potentially control the amount of barite present in 
tufa samples. However, it is not calculated or quantified the percentages of primary barite 
vs. secondary barite in this study.  
 Some of the barite crystals in tufa from Oklahoma may have formed as a result of 
re-crystallization within the cavities in the tufa. Microbial processes could potentially 
control barite precipitation via different mechanisms (e.g. barite dissolution via sulfate 
reducers and re-precipitation could occur via sulfide oxidizers) (e.g. Baldi et al., 1996, 
Hyun et al., 1999; Senko et al., 2004). Presence of sulfate reducing bacteria establishes 
anoxic environment where barite precipitation could be inhibited. Rapid atmospheric and 
bacterial oxidation of barium and sulfur rich water results isopachous barite coatings on 
plants, branches and insects that fall into flowpaths (Younger, 198; Senko et al., 2004). 
However, these leaf and plant fossils were not found in any of these relict barite tufa. 
This suggests that the tufa was inundated by oxidized sulfur rich water and not vegetated 
during its development, or that plant/leaf detritus introduced to the flow path failed to be 
preserved (Younger, 1986). Tufa samples collected from Stinking Springs, Utah are 
porous and showing isopachous texture (e.g. isopachous pore-filling cement or sub-
spheroidal clumps). The barite crystals in this tufa are bundles, fringes or radially 
arranged euhedral prisms. Secondary barite crystals with other minerals are formed inner 
rim of these pore spaces in tufa. In Stinking Springs, diagenetic barite are formed by 
mixing between spring-derived dysoxic, saline, barium –rich pore waters and dilute, 
oxygenated ground waters issuing from seeps (Bonny and Jones, 2007b).  
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Mixing of sulfate rich fluids with barium rich fluids results in barite precipitation. 
However, it is impossible to quantify the barite precipitation rate as it occurs in 
milliseconds after mixing of barium rich solution with sulfate rich solution. Barite 
precipitation in continental setting is microbially mediated (e.g. Senko et al., 2004; 
Widanagamage et al., 2015). The spring systems that connect with barite tufa formations 
at all three sites are physicochemically and biologically complex. Microbial biomass 
present in these spring sites could change the geochemical and physicochemical 
conditions which could create diverse micro environments within the main spring system. 
The process of barite precipitation is biologically mediated in these sites (e.g. Younger, 
1986; Bonny and Jones, 2007b; Senko et al., 2004; Elshahed et al., 2003; Widanagamage 
et al. 2015). Combined effects of spring water oxidation and cooling result in rapid 
precipitation of crystalline barite tufa in most barite precipitating warm water springs. 
Similar to my field sites, barite crystals in tufa have been identified in Flybye Springs, 
Canada with diverse crystal morphologies (Bonny and Jones, 2008b).  
 The amount of barite in tufa depends on porosity, permeability and proximity to 
spring vents and ground water seeps. For instance, the tufa sample collected from 
Oklahoma shows >80% of barite (from thin section), which was collected <10 m from 
the Zodletone Spring.  
In summary, there are three potential modes of barite precipitation in tufa deposits based 
on observations in chapter 4.  
1. Primary barite precipitation directly from solution. 
2. Pore-filling barite precipitation (Diagenetic barite). 
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3. Dissolution and re-precipitation of existing tufa barite with the influence of microbial 
activities.  
 However, my study did not quantify the percentage of each different modes of 
barite precipitation in tufa. It will be interesting to develop and evaluate a method to 
quantify theses different modes of barite in tufa and understand Sr isotopic signatures 
preserved in barite as future work.   
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 CHAPTER 5 
SYNTHESIS OF RESULTS AND FUTURE DIRECTIONS 
 
CONCLUSIONS 
 
 Some of the studies in the field of isotope geochemistry employ non-traditional 
stable isotopes in combination with more traditional paleo-climate proxies to understand 
trace metal cycling in bio-geochemical systems ranging from today to early Earth. Mass 
dependent stable Sr isotope ratio was considered as a constant when measuring 
radiogenic Sr isotope ratios in previous studies. It has been discovered that stable Sr 
isotopes are fractionating between both natural and synthetic samples since 2006.   
Each hypothesis was addressed in the work as explained below.  
Hypothesis 1. Temperature, Sr/Ba ratio in solution and saturation state influence mass-
dependent stable Sr isotope fractionation during barite precipitation in abiotic conditions.  
Hypothesis 2. Barite precipitation in warm water springs at continental settings exhibit 
biologically mediated mass dependent stable Sr isotopic fractionation. 
Hypothesis 3. Solution chemistry of the solution dictates barite morphology. 
Hypothesis 4. Heterogeneous distribution of strontium in barite could influence stable Sr 
isotope fractionation during barite precipitation. 
 Hypotheses 1 (H1) and 2 (H2) are mostly addressed in this work. However, H2 
needs more work by doing close investigations on microenvironments created by 
microbial biomass at continental setting. Temperature and saturation index of initial 
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solutions are found as important parameters influence stable Sr-isotope fractionation (H1) 
(Widanagamage et al., 2014). H3 explains that solution chemistry, diffusion rate of 
solutes, precipitation rate are important in barite crystal morphology. However, in my 
study it is found that temperature controls barite crystal morphology via different crystal 
growth mechanism. Changes in saturation index, ionic strength of the solution could 
change the morphology of barite crystals.  Petrographic analyses and ESEM-BSE images 
of tufa barite show changes morphology during tufa formation. Barite from 
unconsolidated sediments mostly consists of rosettes, elliptical crystals, asters, clusters of 
needle-like crystals. However, barite in tufa samples are generally elongated and either 
extending from matrix or appear as cavity filling barite. The hypothesis 4 explains that 
the presence of different mineral phases (at sufficient quantities) during barite 
precipitation could influence stable Sr isotope fractionation. Both celestine and Sr-
substituted barite are identified in µ-XRD analyses, which are spatially correlated with 
the Sr hotspots in µ-XRF images. H 4 becomes true in my study but need more data to 
confirm. Interestingly, celestine is under-saturated with respect water. However, it is 
evident that it is present in these samples. This suggests that one or more parameters 
change the local saturation environment, which leads the precipitation of different 
mineral phases. This could eventually influence stable Sr isotope fractionation.  
 In my study, mass dependent stable Sr isotope fractionation was calculated using 
stable 
88/86
Sr ratio for barite and the solution from which it precipitates at different 
physicochemical and geochemical conditions. Controls on stable Sr isotope fractionation 
during barite precipitation were tested at both laboratory environment and natural, 
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continental environments.  Barite precipitation in laboratory conditions show that barite 
becomes isotopically lighter when increasing temperature and Sr distribution coefficient 
(Kd (Sr)), which is explained by chemical kinetic isotope fractionation similar to the 
results found in Böhm et al. (2012) for carbonates. This suggests that stable Sr isotope 
fractionation during barite precipitation in laboratory environment is kinetically 
controlled, where lighter isotopes preferentially get into barite crystal structure. Stable Sr 
isotope fractionation usually decreases when increasing temperature at equilibrium 
conditions. Barite becomes isotopically heavier when increasing barite saturation index 
and Kd(Sr), which is explained by diffusive boundary layer theory following Fantle and 
DePaolo (2007). Increase in saturation index of initial solution results increase in barite 
precipitation rates. This leads heavier isotope accumulation between barite crystals and 
immediate solution, which is called a diffusive boundary layer. This leads heavier 
isotopes get into barite crystal and stable Sr isotope ratio in crystals reaches equal to 
stable Sr isotope ratio in solution, which results reducing stable isotope fractionation.  
 Barite does not precipitate in laboratory environment, where saturation index is at 
or below 2.7.  Interestingly, significant amounts of barite precipitate in natural 
environments although the saturation index of barite is very low (e.g. 0.34, 0.78).  This 
suggests that one or more parameters control barite precipitation in natural environment 
which is/are not present in laboratory environments. All three field sites studied in this 
research show biologically mediated barite precipitation (e.g., sulfide oxidation increases 
sulfate concentrations and/or diatoms accumulate barium in their cellular structure). The 
presence of microbial biomass could play an important role in changing solution 
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chemistry hence saturation index of barite. This affects physicochemical conditions of the 
solution from where barite precipitates. On the other hand, the relationships between 
barite and solution chemistry in continental setting are unclear, which suggest that barite 
does not precipitate directly from the immediate solution (homogenously) but it 
precipitates heterogeneously on microbial biomass or on mineral surfaces. For instance, 
Sr/Ba ratio in the solution does not show a significant relationship with Sr/Ba ratio in the 
barite from unconsolidated sediments in each site. Spring water is supersaturated with 
respect to the barite in all three spring sites and barite is found from tufa samples at or 
near these spring sites. Microbial biomass may create microenvironments which need to 
be studied closely to understand how microbes and their processes affect 
physicochemical parameters in the solution from which barite precipitates. The changes 
in precipitation chemistry of solution influence Sr/Ba ratio in barite (Sr heterogeneity in 
barite) during barite precipitation. Strontium is not homogeneously distributed in barite. 
Strontium hotspots are seen in barite crystals separated from sediments collected from 
Zodleton Spring, Oklahoma (Widanagamage et al., 2015). This heterogeneity of Sr in 
barite could influence stable Sr- isotope fractionation in barite because of the changes in 
local coordination environment of barite crystal structure. Also, Sr- heterogeneity leads to 
create different mineral phases such as celestine in these spring systems. None of the 
geochemical parameters (e.g., temperature, saturation index) correlate with stable Sr 
isotope fractionation during barite precipitation at continental setting. Microbial biomass 
and microbial processes in these environments may change the solution chemistry locally 
where we do not recognize the influence of the microbial biomass on solution chemistry 
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large scale. Therefore, it is important to study these microenvironments closely to 
understand the relationships between geochemical parameters and stable Sr isotope 
fractionation. The presence of celestine could exert a strong control on Sr isotope 
fractionation if it presents in sufficient quantities. Stable Sr isotope fractionation during 
barite precipitation at continental setting changes from 0.0 to -0.6‰. This is generally 
similar in magnitude to measured synthetic barite values and calculated values for 
equilibrium conditions which are changing from -0.11 to -0.41‰ and -0.6 to -0.7 at 25˚C 
respectively. Natural continental/ terrestrial waters in figure 3.3 range from 0.0 to 0.6‰. 
But seawater and hydrothermal (marine) fluids range from 0.2 to 0.4‰. Stable Sr isotope 
ratio for seawater recorded at around 0.4‰ and the ratio for hydrothermal fluids ranges 
from 0.2 to 0.4‰. Spring water from Zodletone Springs, Oklahoma and Doughty 
Springs, Colorado shows stable strontium isotope ratio at around 0.4‰. This is the first 
geochemical survey, which measured stable Sr isotope ratio of continental barite.  
 Dissolution of barite could result from microbial activities, where sulfate reducing 
bacteria involved the dissolution process. This could lead re-precipitation of barite in tufa 
samples. Also, erosional cavities could provide substrates for barite precipitation and this 
was observed in Zodletone Spring, Oklahoma and Stinking Springs, Utah.  
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FUTURE RESEARCH DIRECTIONS 
 
 Presence of barite in tufa samples suggests that barite is a highly stable mineral 
over the time. It will be interesting to measure stable Sr isotope ratios in barite relic tufa 
samples, which have formed during diagenesis. Precipitated barite from the solution will 
eventually find in tufa/travertine deposits. Petrographic characterization and ESEM 
images of tufa samples provide information about texture and the amount of barite in tufa 
samples. Barite rich tufa samples needs to be crushed and extract barite, following acid 
digestions procedure similar to Griffith et al. (2008). Separated barite will be dissolved in 
a cation exchange resin and then Sr- spec resin to separate strontium out (Widanagamage 
et al., 2014, 2015). Sr isotope measurements will be performed, which will be the first 
time of measuring stable Sr isotope ratios in tufa barite. 
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Appendix 2. 1: Comparison of model and experimental crystal structures. The chemical 
formula and space group is indicated for each phase. Structure references: strontia, Son 
and Bartels (1972); strontiofluorite, Gerlich (1964); celestine, Jacobsen et al. (1998); 
barite, Miyake et al. (1978); strontianite, Antao and Hassan (2009); SrCl2.6H2O, Agron 
and Busing (1986); SrBr2.6H2O, Abrahams and Vordemvenne (1995); SrKAsO4.8H2O, 
Mathew (1998); Sr(OH)2.8H2O, Ricci et al. (2005); SrNaPO4.9H2O, Takagi et al. 
(1982); CaNH4PO4.7H2O, Takagi et al. (1984). 
 
Strontia SrO Fm–3m  
  Exp. Model % 
Mismatch 
Unit cell:     
a=b=c (Å) 3.649 3.6776 0.8 
All angles 60º    
 Volume (Å3)  34.347 35.170 2.4 
    
Atom Positions determined by symmetry   
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Appendix 2. 2: EDAX spectrum of a. 1C (Sr/Ba= 15 mol/mol, 20 ˚C) b. 2C (Sr/Ba= 5 
mol/mol, 40 ˚C) c. 2D Sr/Ba= 5 mol/mol, 40 ˚C)d. 3C (Sr/Ba= 2 mol/mol, 20 ˚C) e. 3Cb 
(Sr/Ba= 2 mol/mol, 20 ˚C) under ESEM. The ratio of Sr/Ba peak heights are increasing 
from a to e. 
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Appendix 3. 1: Sr concentration (mM) in waters vs. Sr/Ba (mmol/mol) in barite. Stinking 
Spring, Utah (gray triangles), Doughty Springs, Colorado (Middle Springs = solid 
squares; Drinking Spring = open squares; Bathtub Spring = gray square), Zodletone 
Spring and Stinking Creek, Oklahoma (open diamonds). 
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Appendix 3. 2: Additional water chemistry  
Sample ID Eh / ORP (mv) Ionic Strength S.I.
a
 Celestine 
OK/S6 -354 0.19 -2.14 
OK/S5 -328 0.19 -2.111 
OK/S4 -326 0.19 -2.38 
OK/S3 -325 0.19 -2.338 
OK/S3 field duplicate -333 0.20 -2.74 
OK/S2 -256 0.19 -2.205 
OK/S1 -284 0.19 -2.20 
OK/S7 -16 0.16 -0.34 
UT/S1 -257 0.50 -2.20 
UT/S2 -241 0.49 -2.35 
UT/S3 -239 0.49 -2.14 
UT/S4 -244 0.49 -2.06 
UT/S5 -143 0.28 -2.04 
UT/S6 -77 0.28 -1.91 
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UT/S7 -8 0.28 -1.82 
UT/S8 -10 0.30 -1.83 
CO/MW -216 0.05 -1.99 
CO/M -213 0.04 -1.99 
CO/ME -214 0.05 -1.96 
CO/ME1 -215 0.05 -1.99 
CO/ME2 -208 0.04 -1.97 
CO/ME3 -196 0.05 -1.79 
CO/ME4 -155 0.04 -1.79 
CO/D1 -196 0.04 -1.83 
CO/D2 -200 0.04 -2.00 
CO/D2 field duplicate -203 0.04 -1.80 
CO/B1 -166 0.05 -1.82 
CO/B2 -63 0.06 -1.82 
a
S.I. =Saturation index calculated using Visual Minteq 3.0 
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Appendix 4. 1 Additional ESEM-BSE images of barite crystals (all bright-white crystals) in tufa sample, Zodletone Spring 
site, Oklahoma  
 
